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Abstract 
The basis of this work was to understand how the performance of Microbial Fuel Cells 
(MFCs) can be understood and improved by analysing the behaviour of the microbial 
communities in the anodic chamber. It was hypothesized that specific types of species 
generally become more abundant in MFCs over time leading to enhanced power 
production. 
An acclimatised microbial consortium obtained from a tubular MFC was used as the 
inoculum for the MFC described in this study: It was found to lead to a different bacterial 
composition, but similar power density, to those observed in an MFC inoculated with the 
unacclimatised community (anaerobic sludge). Using anaerobic sludge as inoculum in four 
replicate MFCs, both the anodic biofilm and the suspended communities evolved 
differently. The spatial and temporal dynamics of microbial communities were studied in 
the tubular MFCs. Although the removal of organic compounds was spatially different, the 
dynamics of the dominant bacteria showed spatial similarity, probably attributed to the 
versatile metabolic capabilities of species. 
No specific species were found the relative abundance of which would have clearly 
enhanced and correlated with the power production. Using similar substrate feeds and 
inocula, the communities consisted of metabolically different species in the two reactor 
types studied. Functional redundancy was observed in the anodic communities of both 
reactor designs. These findings suggest that the exoelectrogenic ability could be present 
among a range of bacteria wider than generally thought. 
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The results of this study suggest that the development of the microbial communities in 
MFCs with a given inoculum and substrate are determined by the reactor design and the 
operational conditions. Secondly, the adaptation of bacterial communities to produce 
electricity may not require specific changes in community composition but instead be based 
on the ability of bacteria to adapt generating electricity and enhance their exoelectrogenic 
capacity over time. 
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Chapter 1 Introduction 
1.1 The concept of a microbial fuel cell (MFC) 
Microbial fuel cells (MFCs) have represented a continuously growing research field during 
the past few years. The demand for novel renewable energy sources, together with the new 
findings on bacterial electron transport mechanisms and the progress in fuel cell design, 
have raised a noticeable interest in microbial power generation (Logan and Regan 2006a). 
A microbial fuel cell (MFC) is defined as a bioelectrochemical reactor containing bacteria 
that oxidise organic or inorganic compounds and generate an electric current (Bennetto 
1987; Logan et al. 2006). MFCs can also be defined as bioelectrochemical transducers that 
convert biochemical energy to electrical energy (Ieropoulos et al. 2003). 
In a conventional hydrogen fuel cell the hydrogen is oxidized at the anode electrode 
(negative terminal) and oxygen reduced at the cathode electrode (positive terminal) 
(Brandon and Thompsett 2005) (Figure 1.1a). In PEM (proton-exchange membrane) type 
hydrogen fuel cells, the released hydrogen ions diffuse through a PEM to the cathode and 
react with electrons, migrating from the anode to the cathode via an external load, and with 
oxygen producing water. In MFCs, the electrons released from substrates by suspended and 
anode biofilm bacteria are transferred to an anode and then flow to a cathode through an 
external resistance (Logan et al. 2006) (Figure 1.1 b). At the cathode, the electrons combine 
with oxygen provided from air and with protons diffusing from the anode compartment 
through a PEM to form water. 
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A Load B Anode Cathode 
Bacterium 
Fuel in _ - _----'---'-_L......L. __ - _ Air in 
Anode /' " Cathode 
PEM 
EM 
Figure 1.1 A schematic diagram of (A) a conventional PEM (proton exchange membrane) 
hydrogen fuel cell (adapted from Brandon and Thompsett 2005) and (B) a microbial fuel 
cell with an air-breathing cathode. Electron transfer can occur either through membrane-
bound cytochromes ( ), conducting nanowires , or soluble electron caniers (e) (adapted 
from Rabaey and Verstraete 2005 ; Logan et al. 2006) 
The chemical energy available in a substrate is directly converted into electrical energy. 
The direct energy conversion is obtained when microorganisms use an insoluble electron 
acceptor, the MFC anode, instead of the natural electron acceptor, such as oxygen or nitrate 
(Rabaey and Verstraete 2005). There are no net carbon emissions and the recently fi xed 
carbon is released back to the atmosphere (Lovley 2006a). The major advantage compared 
to conventional fuel cells is that MFCs can operate with a wide variety of substrates in 
ambient temperatures and at near to neutral pH values or virtually at any conditions where 
the growth requirements of microorganisms are met (Bennetto 1987; Schroder 2007). 
The electron transfer between a microbe and a MFC anode occurs either via 
components associated with the cell membrane, or soluble electron shuttles called redox 
mediators (Bennetto 1987; Rabaey and Verstraete 2005) . Sustainable electron liberation by 
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microorganisms at the anode and electron consumption at the cathode are the mam 
characteristics of an MFC. If enzymes that are not directly and sustainably produced in situ 
by bacteria are used, the system is classified as an enzymatic biofuel cell (Logan et al. 
2006). 
The ability of microorganisms to generate current in a fuel cell was first reported by 
Potter (1911) using either the yeast Saccharomyces cerevisiae or E. coli with platinum 
electrodes. Cohen (1931) continued Potter's work developping a number of microbial fuel 
cells connected in series and showed how energy can be produced from carbohydrates 
using microorganisms. Bennetto (1987) pioneered the design of an electrical connection 
between microorganisms and the anode and demonstrated that electricity could be 
sustainably produced for weeks when a mediator compound was included. Bennetto and 
co-workers studied various factors affecting the current generation in MFCs and 
significantly contributed to better understanding of microbial electricity production 
(Bennetto et al. 1983; Bennetto 1987 and 1990). The first microbial fuel cell that 
simultaneously treated domestic wastewater and generated current was developed in 1991 
by Habermann and Pommer. The power production of MFCs has increased by five to six 
orders of magnitude during the past decade (Logan 2009), and commercialization of MFC 
technology is predicted to become possible within the next few years (Logan 2010). 
1.2 Electron transfer from microorganisms to MFC anode 
Various mechanisms have been proposed for the electron transfer from microorganisms to 
the MFC anode. The electron transfer in MFCs can be classified into two groups: direct 
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electron transfer, where electrons are transferred via membrane bound redox proteins; and 
mediated electron transfer, which involves dissolved redox mediators (Bennetto 1987; 
Schroder 2007). The terms "anodophiles" (Park and Zeikus 2002), "electrochemically 
active bacteria" (Chang et al. 2006), electricigens (Lovley 2006a), "anode respiring 
bacteria" (Parameswaran et al. 2009a) and "exoelectrogens" (Logan 2009) have been used 
to describe bacteria capable of transferring electrons outside the cell membrane 
(exocellular/extracellular electron transfer). 
1.2.1 Direct electron transfer by bacteria within anodic biofilm 
The direct electron transfer is based on a physical contact between the MFC anode and the 
bacterial cell membrane or pilus-like structures (Schroder 2007). C-type cytochromes in 
Geobacter sulfurreducens and Shewanella oneidensis have been suggested as terminal 
outer-membrane redox proteins required for electron transport to the anode (Bretschger et 
al. 2007; Kim et al. 2008) (Figure 1.2). Metal-reducing microorganisms, e.g. Geobacter, 
Rhodoferax and Shewanella, use solid terminal electron acceptors such as iron(III) oxides 
in their natural habitats but can switch to using an anode electrode as their terminal electron 
acceptor in MFCs (Kim et al. 2002; Bond and Lovley 2003; Chaudhuri and Lovley 2003). 
G. sulfurreducens and S. oneidensis are also known to produce electrically conductive 
pilus-like structures, referred to as 'nanowires', that allow electron transport to more distant 
solid electron acceptors (Reguera et al. 2005 and 2006; Gorby et al. 2006) (Figure 1.2). G. 
sulfurreducens cells in the anodic biofilm even at relatively long distance from the anode 
surface are shown to contribute to electric current generation (Reguera et al. 2006; Nevin et 
al. 2008). Long range electron transfer is also suggested to occur via cytochromes released 
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into the biofilm matrix (Lovley 2008). Nanowire production is not restricted to metal-
reducing bacteria, and the cyanobacterium Synechocystis PCC6803 and the thermophi lic 
fermentative bacterium Pelotomaculum thermopropionicum have been shown to evo lve 
nanowires (Gorby et a1. 2006). 
Figure 1.2 A schematic diagram of direct electron transfer vIa membrane-bound 
cytochromes or nanowires (Schroder 2007) . 
1.2.2 Electron transfer via soluble redox mediators 
Mediated electron transfer has been proposed to occur via three different types of redox 
compounds: exogenous (artificial) redox mediators, microbially produced redox mediators 
or primary metabolites (Schroder 2007). A good mediator should have a redox potential as 
negative as possible, but yet higher than the potential of substrate and sufficiently lower 
than that of the anode electrode, and is readily reoxidized on the anode surface under the 
conditions of MFC (Schroder 2007). Artificial mediators such as thionine, methylene blue 
and neutral red have been used to assist anodic electron transfe r in MFCs (Bennetto 1987 ; 
Park and Zeikus 2000; Ieropoulos et a1. 2005). These mediators penetrate the bacteria l ce ll 
and scavenge electrons from the reducing agents such as NADH (Bennetto 1987). The 
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reduced mediators then diffuse out of the cells and are oxid ized on the electrode surface. 
Some microorganisms can also produce electron shuttling compounds. Pyocyanine and 
other phenazine compounds produced by Pseudomonas sp . have been shown to assist their 
own extracellular electron transfer or improve current generation by other spec ies or 
communities (Rabaey et a1. 2004 and 2005b; Pham et a1. 2008a) (Figure 1.3a). Riboflavins 
and quinones released by Shewanella oneidensis and Escherichia coli have also been 
proposed acting as electron shuttles (Marsili et a1. 2008; Qiao et a1. 2008) . The metabolic 
pathways of anaerobic respiration and fermentation produce metabolites that can also serve 
as MFC mediators (Figure 1.3b). The sulphate/sulphide redox couple has been exploited 
e.g. in MFCs based on an anaerobic sulphate-reducing bacterium, Desulfovibrio 
desulfuricans (Habermann and Pommer 1991 ; Cooney et a1. 1996). Sulphate is reduced by 
bacteria to hydrogen sulphide which in tum is abiotically oxidized on the anode electrode. 
Microbial fermentation products such as hydrogen, lactate and formate can be successfully 
oxidized on MFC anodes but catalysts are required on anode electrodes to facilitate the 
direct oxidation of these compounds (Rosenbaum et a1. 2007; Zhao et a1. 2005 ). 
Substrate A 
Figure 1.3 A schematic diagram of mediated electron transfer via microbially produced 
redox mediators (A). Electrons have been proposed to be transferred via outer membrane 
cytochromes and via peri- or cytoplasmic redox spec ies . Mediated electron transfe r via 
primary metabolites occurs via terminal electron acceptors used in anaerobic resp iration or 
via fermentation products (8). (Schroder 2007) 
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Electron transfer to an anode by Gram-positive bacteria was first thought to be restricted by 
their rigid cell wall containing peptidoglycan layers (Pham et al. 2008a). However, redox 
mediators produced by Gram-negative bacteria have been shown to enhance current 
generation by Gram-positive species (Rabaey et al. 2005b; Pham et al. 2008a). Three 
Gram-positive species, Clostridium butyricum, Thermincola sp. and Lactococcus lactis, 
capable of electricity production in pure culture have been reported (Park et al. 2001; 
Wrighton et al. 2008; Freguia et al. 2009). Only the exocellular electron transfer 
mechanism of Lactococcus sp. has been reported this far (Freguia et al. 2009). L. lactis 
produces mainly lactic acid from the fermentation of carbohydrates (Teuber et al. 1992), 
and is also capable of coupling carbohydrate metabolism to the reduction of Fe3+, Cu2+ and 
02, mediated by membrane-bound quinones (Rezalki et al. 2008). Pure cultures of L. lac tis 
have been shown to perform exocellular electron transfer to a MFC anode via excretion of 
soluble quinones with a simultaneous shifting of metabolism to the production of acetate 
and pyruvate (Freguia et al. 2009). 
1.3 Reactor designs used in laboratory-scale MFC studies 
A wide variety of different setups have been used in MFC research. One of the simplest 
models is a single chamber MFC where anode and cathode electrodes are placed at the 
opposite ends of the chamber (Liu and Logan 2004) (Figure l.4a). In this model the 
cathode is directly exposed to surrounding air, whilst in some applications the cathode is 
placed in a separate chamber and immersed in water purged with air (Logan et al. 2005). 
Higher power densities are obtained with air-cathodes compared to aqueous-cathodes (Liu 
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and Logan 2004). However, aqueous-cathodes with high flow rate are found to outperform 
atmospheric cathodes (Ieropoulos et al. 2007). The power densities can be further increased 
by replacing dissolved oxygen with ferricyanide as the cathodic electron acceptor (Rabaey 
et al. 2003), but the use of ferricyanide is not sustainable in practice (Logan and Regan 
2006b). In a flat-plate MFC studied by Min and Logan (2004) a channel was divided into 
two parts using an anode-PEM-cathode sandwich, and anolyte and catholyte flowed in 
serpentine paths across the electrodes, resembling the hydrogen fuel cell setup (Figure 
l.4b). Another example of MFCs used for continuous operation is a single-chamber design 
consisting of an inner air-cathode and a surrounding anode chamber containing rod shaped 
anode electrodes (Liu et al. 2004a) (Figure l.4c). He et al. (2005) in turn designed an 
upflow, tubular, packed-bed MFC where the cathode chamber was located on the top of the 
anode chamber (Figure l.4d). 
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Figure 1.4 Laboratory-scale MFC designs : single-chamber MFC with anode and cathode at 
the opposite ends of the chamber (Liu and Logan 2004) (A), flat-plate MFC where anode 
and cathode compartments consist of serpentine paths across the electrodes (Min and Logan 
2004) (B), single-chamber design with an inner air-cathode and an outer cylindrical anode 
chamber (Liu et al. 2004a) (C), and upflow packed-bed MFC where the fluid flows th rough 
porous anode and then through PEM to cathode chamber (He et al. 2005) (D) . 
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1.4 Materials of MFC anodes, cathodes, membranes and separators 
Carbon is the most widely used electrode material for MFCs. Fibrous carbon materials 
(carbon cloth, mesh, felt, fibres, paper and foam) and graphite plates, rods and granules 
have been studied as electrode materials for MFCs (Logan et al. 2006; Logan 2010). An 
inexpensive carbon mesh has also been investigated as anode material (Wang et al. 2009a). 
High-temperature (700°C) ammonia gas pre-treatment has been used to increase bacterial 
adhesion on the anode surfaces and improve power densities by 20% with carbon cloth as 
anode (Cheng and Logan 2007b). A simpler heat (450°C) pre-treatment has also been 
applied for carbon mesh anodes and power outputs obtained were close to the power 
densities achieved using a carbon cloth treated with high-temperature ammonia gas process 
(Wang et al. 2009a). Another promising approach is the use of high surface area graphite 
brush anodes consisting of graphite fibres wound around a conductive metal current 
collector (Logan et al. 2007). High-temperature ammonia gas treatment or heat treatment 
alone has proved effective also in increasing power densities of graphite brush anodes 
(Logan et al. 2007; Feng et al. 2010). 
Cathode electrodes may contain precious metals, usually platinum, as catalysts when 
oxygen serves as the electron acceptor. Platinum is held on the electrode with a binder, 
mainly Nafion (perfluorosulfonic acid polymer) or PTFE (polytetrafluoroethylene or 
Teflon®) (Brandon and Thompsett 2005). The PTFE-bound platinum catalyst layer is 
typically painted or sprayed with Nafion to provide ionic transport to the catalyst (Brandon 
and Thompsett 2005). Less expensive noble-metal free catalysts based on Fe- and Co-
organic-mixtures have also been suggested for cathode catalysts, but the long term stability 
of these catalysts has not yet been fully investigated (Zhao et al. 2005; Cheng et al. 2006a). 
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An inexpensive activated carbon material pressed onto a nickel mesh current collector has 
shown good performance as an alternative cathode catalyst due to its large specific surface 
area (area per mass) (1220 mW m-2 or 36 W m-3) compared to Pt-catalyzed carbon cloth 
cathode (1060 mW m-2) (Zhang et al. 2009c). Biocathodes based on microbially mediated 
cathodic reaction are also promising. Bacteria can either regenerate (reoxidize) cathodic 
electron acceptors, such as Fe2+, that have been chemically reduced from Fe3+ on the 
cathode surface (Prasad et al. 2006) or they can directly use the cathode as an electron 
donor by yet unknown means with electron acceptors such as oxygen and nitrate 
(Clauwaert et al. 2007 a and b). 
The anode and cathode compartments are separated by an ion exchange membrane in 
most of the MFC designs. Persulfonated polytetrafluoroethylene (PTFE) membranes, 
known as Nafion (Dupont, USA) PEM, are the most commonly utilized membranes which 
consist of PTFE backbone and perfluorosulfonic acid side groups (O'Hayre et al. 2006). 
The PTFE backbone gives mechanical stability and the sulfonic groups promote proton 
conduction (O'Hayre et al. 2006). Separators between anode and cathode increase ohmic 
resistance and reduce power due to reduced proton transport to the cathode (Logan 2010). 
However, separators allow the use of closer electrode spacing, which results in the increase 
of volumetric power densities if the oxygen diffusion to the anode is reduced (Zhang et al. 
2009a) and therefore the use of separators is probably needed in the practical applications 
(Logan 2010). Glass fibre separators have recently been shown to have a low oxygen mass 
transfer coefficient leading to growth of much less aerobic biofilm on the separator and 
therefore higher coulombic efficiency and power density compared to other separators 
studied (Zhang et al. 2009a). 
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1.5 Selected applications and scale-up of MFCs 
The most studied application of MFCs is wastewater treatment, where organic matter is 
broken down by microorganisms and electricity is simultaneously produced (Liu et al. 
2004a; Min and Logan 2004; Oh and Logan 2005; Ghangrekar and Shinde 2007). Several 
types of waste streams such as municipal, food processing and swine wastewater, and 
wheat straw hydrolysate have been used to fuel MFCs (Liu et al. 2004a; Oh and Logan 
2005; Min et al. 2005; Zhang et al. 2009b). In addition to recovering the energy from 
wastewater as electricity, other advantages of MFCs over conventional wastewater 
treatment processes include lower operational costs compared to aerobic treatment, 
production of less excess sludge (biomass) that has to be disposed of (Logan and Regan 
2006b; Kim et al. 2007c) and capability of operating at low temperatures «20°C) and at 
low substrate concentrations compared to the methanogenic anaerobic digestion technology 
(Pham et al. 2006). One strategy is to operate MFCs together with the existing wastewater 
treatment technologies. For example, residual volatile fatty acids and sulphide containing 
effluents from biogas producing anaerobic digesters treating high strength wastewater could 
be further polished using MFCs (Pham et al. 2006; Rabaey et al. 2006; Kim et al. 2009b). 
Scaling-up for applications such as wastewater treatment is challenging mainly due to 
the materials costs, the need to avoid the use of precious metals and to ensure the longevity 
of the materials used; hence the design of new, lower cost materials is needed for the 
viability of the MFC technology (Logan and Regan 2006b; Logan 2010). The first pilot-
scale MFC was set up at Foster's brewery (Queensland, Australia) in collaboration with the 
University of Queensland and conducted by 1. Keller and K. Rabaey (Advanced water 
management centre, 2008). This MFC treated brewery wastewater and consisted of 12 
27 
modules with a height of 3 m each and a total volume of 1 m3. The carbon fibre brush 
anodes were placed inside tubular reactors, which were covered with carbon fibre brush 
cathodes. Little is known about the performance of these MFCs, except that the current 
densities were limited by low solution conductivity and that excess organic matter in the 
anode effluent flowing to the cathode led to excessive biofilm growth on the cathodes since 
the wastewater was exposed to air (Logan 2010). Another pilot study is currently ongoing 
in the USA by the University of Connecticut in collaboration with Fuss & O'Neill and 
Hydroqual Inc. (Logan 2010). The MFCs include granular graphite as anode and carbon 
cloth with Pt-catalyst as cathode materials and remove up to 80% of the chemical oxygen 
demand (COD) of the wastewater (Logan 2010). 
MFCs could also replace batteries and be used e.g. in environmental sensors in remote 
locations such as the ocean floor. Reimers et al. (2001) developed a sediment MFC 
consisting of an anode electrode embedded in anoxic marine sediment and the cathode in 
the overlaying aerobic seawater. Thus far, demonstrations of using MFCs as viable power 
supplies include powering energetically autonomous robots (Ieropoulos et al. 2003; 
Melhuish et al. 2006) and providing power for a meteorological buoy (Tender et al. 2008). 
MFCs may be modified for different applications, however, if such applications do not 
involve electricity generation, then these systems cannot be classified as true MFCs. One 
example is applying MFCs for bioremediation. Gregory and Lovley (2005) poised a 
graphite electrode at -0.5V (vs. AglAgCI reference electrode) leading to the precipitation of 
uranium onto the electrode placed in uranium-contaminated sediment and groundwater. 
Soluble U6+ was reduced to insoluble U4+ by bacteria that used the electrode as electron 
donor. 
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MFCs can also be modified for bioelectric generation of hydrogen at chemical cathode 
by applying a cell voltage of >0.2V and by removing oxygen at the cathode (Cheng and 
Logan 2007a). This form of MFC has been termed a microbial electrolysis cell or MEC. 
The protons and electrons released at the anode combine at the cathode producing H2 gas in 
a process termed electrohydrogenesis. Hydrogen production from glucose, cellulose, 
volatile acids and domestic wastewater has been shown (Cheng and Logan 2007a; Ditzig 
and Logan 2007), but there is potential of using a wider variety of biodegradable organic 
matter for hydrogen generation in MECs. Effluents from hydrogen-producing fermentation 
processes can also be directed to MECs for additional hydrogen generation (Lu et al. 2009). 
The first pilot-scale MEC test is underway at the Napa Wine Company (California, USA) 
by Penn State University with Brown and Caldwell engineering services (Logan 2010). 
This reactor produces hydrogen from a winery wastewater and contains 24 modules, each 
with six pairs of electrodes (brush anodes and flat stainless steel cathodes) and has a total 
volume of approximately 1 m3. 
1.6 Basics of voltage generation in MFCs 
1.6.1 Electromotive force (emf) and open circuit voltage (OeV) 
In MFC, the cell electromotive force, Eemf, is defined as the potential difference between the 
anode and the cathode (Logan et al. 2006). The cell emf is related to work, W, derived by 
the cell, and to Gibbs free energy, Gr, that in a MFC is equal to the energy available to 
move electrons round an external circuit (Larminie and Dicks 2000): W = EemfQ = - I!::.Gr, 
where Q = nF is the charge transferred, n being the number of electrons per mol and F 
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being Faraday's constant (96,485.34 C mor l ). The cell emf can be calculated as Eemf = E cat 
- Ean. As an example, calculated values of Ean and E cat for acetate oxidation at the anode 
and oxygen reduction at the cathode are shown in Table 1.1 (Logan et al. 2006). 
Table 1.1 Calculated anode and cathode potentials (vs. SHE) in MFC where acetate is 
oxidized at anode and oxygen reduced at cathode (Logan et al. 2006). 
Electrode Reaction E (V) 
Anode -0.296a 
Cathode 0.805b 
a HC03-= 5 mM, CH3COO-= 5 mM, pH = 7; b p02 = 0.2, pH = 7 
According to the values given in Table 1.1, EemJ of an MFC with acetate oxidizing anode 
and oxygen reducing cathode would be 0.805 - (-0.296) = 1.101 (V). However, the cell emf 
is an ideal value and does not include internal losses of the system. The open circuit voltage 
(OCV) is measured when no current is flowing (Bard and Faulkner 2001). In theory the 
OCV should be close to the cell emf, but in practise the OCV is much lower than the cell 
emf. This voltage loss is termed overpotential or overvoltage (Larminie and Dicks 2000). 
Usually a voltage of around 0.2 V is measured at oxygen cathode of a MFC at pH 7 instead 
of the thermodynamic value of 0.805 (Table 1.1) (Logan et al. 2006). In this case the 
overpotential is as large as 0.605 V (0.805 V - 0.2 V). 
1.6.2 Causes of voltage loss in MFCs 
MFCs are operated in closed circuit conditions where current flows over an external load 
(Logan and Regan 2006b). The current dependent overpotentials in MFCs can be divided 
30 
into activation losses, bacterial metabolic losses, and mass transport or concentration losses 
(Logan et at. 2006). The cell voltage of a MFC is described as Ecell = OCV - IRint, where 
IRint is the sum of internal losses in MFC, I being the generated current and Rint being the 
total internal resistance of the system (Logan et al. 2006). The overpotentials of anode and 
cathode under open circuit are accounted for in the OCV calculation and the current 
dependent electrode overpotentials and ohmic losses of the system are accounted for in the 
IRint calculation. The ohmic losses in MFCs consist of the resistance to the flow of electrons 
through the electrodes and interconnections and the resistance to the flow of ions through 
the PEM, and anode and cathode electrolytes (Larminie and Dicks 2000). 
Activation losses occur due to the activation energy needed to overcome the initial 
energy barriers for an oxidation/reduction reaction during the electron transfer to or from a 
compound reacting at the electrode (Larminie and Dicks 2000; Logan et al. 2006). This 
compound can be a soluble mediator, a mediator present at the surface of bacteria, or an 
electron acceptor at the cathode. Bacterial metabolic losses are caused by the energy used 
by bacteria, for e.g. growth and maintenance, instead of the energy capture by MFC. The 
higher the difference in redox potential between substrate and anode, the higher the energy 
gained by bacteria, but the lower the energy captured by MFC or the lower the MFC 
voltage (Logan et al. 2006). The anode potential should be low enough to minimize 
metabolic losses but high enough to prevent bacteria switching to fermentative metabolism 
instead of using the anode as the electron acceptor. Mass transport or concentration losses 
occur when the current production is limited by mass transfer of a reactant to or from an 
electrode (Larminie and Dicks 2000). 
31 
1.7 Microbiological aspects of electricity generation in MFCs 
The power density obtainable from MFCs is several orders of magnitude lower compared 
to conventional fuel cells (Kim et al. 2007 c). The power densities measured in MFCs are 
usually expressed in the units of m W m-2 (per electrode geometric surface area) or W m-3 
(per reactor volume) and in chemical FCs in the units of mW cm-2 (electrode geometric 
area). Volumetric power densities of reactors larger than one litre are at present lower than 
the one kW m-3 required for feasible industrial applications for energy generation from 
organic matter (Rabaey and Verstraete 2005; Pham et al. 2009). However, during the past 
decade the power densities of MFCs have increased several orders of magnitude by 
improving the system design, such as modifying the reactor configuration (Liu and Logan 
2004; He et al. 2007; Zuo et al. 2007; Zhang et al. 2009a), reducing electrode spacing 
(Cheng et al. 2006b), improving electrodes (Fan et al. 2007a; Logan et al. 2007; Zhang et 
al. 2009c; Feng et al. 2010), and increasing solution conductivity (Cheng and Logan 2007b; 
Fan et al. 2007b). The highest power density thus far, 6.9 W per m2 of the anode area, was 
obtained by increasing the cathode surface area to 14 times larger than the anode (Fan et al. 
2008). Studies on stack configuration and scalability of MFCs have also shown that higher 
power densities are achieved by connecting multiple units together rather than increasing 
the volume of an individual unit (Ieropoulos et al. 2008). In addition to optimizing system 
design, further increases in the power density could be obtained in the future by 
understanding the microbial community structure, function and interactions at the anode 
(Ph am et al. 2009; Logan 2010). 
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1.7.1 Energy metabolism of microorganisms 
Respiring bacteria release electrons from substrate at low redox potential and transfer the 
electrons via a chain of intracellular electron carriers through the cell membrane to the 
terminal electron acceptor (Rittmann and McCarty 2001). The electrons are transported by 
diffusible carriers (NADH and F ADH2) to a series of enzymes in the cytoplasmic 
membrane, such as NADH dehydrogenases, flavoproteins and cytochromes. This electron 
flow is used to produce a proton gradient across the cell membrane. The protons flow back 
to the cell via a membrane-complex (ATP synthase) releasing energy that is captured in the 
form of energy carrier molecules (ATP). The potential difference between the electron 
donor and the electron acceptor determines the magnitude of proton motive force across the 
cell membrane and therefore the amount of A TP formed. A range of terminal electron 
acceptors such as oxygen, Fe(III), nitrate, or sulphate can be used by different respiring 
bacteria. Utilizing an electron acceptor with the highest possible redox potential offers 
increased energy gain for growth, which drives bacteria to use alternative electron 
acceptors such as the anode (Aelterman et al. 2008a). The energy conservation and electron 
transport pathway to the anode by Geobacter sulfurreducens is illustrated in Figure 1.5 
(Lovley 2008). 
Fermenting microorganisms are able to grow in environments where availability of 
electron acceptors is limited and where the growth of respiring organisms is therefore 
inhibited. Fermentative bacteria use an organic compound both as electron acceptor and 
electron donor (Rittmann and McCarty 2001). A single fermentation reaction can yield a 
mixture of products, such as volatile fatty acids, alcohols and hydrogen. The energy gain 
for fermentative organisms is much less than for respiring organisms and therefore whether 
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the fermenters manage to thrive in a specific environment depends on the trade-off between 
their low energetic yield and their ability to grow where suitable electron acceptors are 
limited (Aalterman et a1. 2008a). 
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Figure 1.5 A model for electron transfer to the anode by Geobacter suljiLrreducens in 
direct contact with anode surface . Electrons derived from oxidation of organic compounds 
are transported via NADH to electron carriers and cytochromes in the cytoplasmic (inner) 
membrane and peri plasm and finally to the anode via outer membrane cytochromes. Proton 
pumping associated with electron transport in the cytoplasmic membrane leads to capture 
of energy as ATP (Lovley 2008). 
1.7.2 Basis of microbial electron transfer to the anode 
The anode compaliment of a microbial fuel cell is an engineered environment where the 
availability of soluble electron acceptors is limited (Aalterman et al. 2008a). The so lid 
anode electrode is the main electron acceptor present for respiring organisms. Electricity 
generation in MFCs is based on the drive of bacteria to gain max imum availabl e energy by 
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growing on the anode surface and develop strategies to transfer electrons to the anode 
compared to other electron acceptors (Aalterman et al. 2008a). 
Logan (2009) has suggested three possible reasons why microorganisms are able to 
carry out exocellular electron transfer leading to power generation in MFCs. The first 
reason is the ability of many bacteria to release electrons to solid metal oxides, such as iron, 
outside the cell. Secondly, there is a possibility for direct electron transfer between bacteria 
without the need for intermediating compounds (e.g. hydrogen). Preliminary evidence for 
interspecies electron transfer was provided by Gorby et al. (2006) who showed that a 
fermentative bacterium Pelotomaculum thermopropionicum was attached to a methanogen 
Methanothermobacter thermoautotrophicus via an electrically conductive appendage. 
Electron transfer to bacteria is also shown in biocathodes where bacteria derive energy by 
accepting electrons from the cathode at lower redox potential and reducing e.g. oxygen 
(Clauwaert et al. 2007a) and nitrate at higher redox potential (Clauwaert et al. 2007b). 
Since electrons can be both donated and accepted by microorganisms, electron transfer 
between cells seems likely to be a natural phenomenon within microbial communities 
(Logan 2009). This type of syntrophy where electrons or reduced and oxidized mediators 
are transferred between species may enable larger proportion of organisms to transfer 
electrons to the anode within the thickness ofbiofilm (Aelterman et al. 2008a). 
A third reason for exocellular electron transfer is speculated to be related to the 
possible role of electron transfer in cell-cell communication; however this hypothesis has 
not yet been studied (Logan 2009). Bacteria in a biofilm communicate by excreting quorum 
sensing signalling factors that lead to specific gene expression when critical cell density 
(signal concentration) is reached (Moons et al. 2009). Pyocyanin produced by 
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Pseudomonas aeruginosa is shown to act both as a terminal signalling factor in the quorum 
sensing network of P. aeruginosa (Dietrich et al. 2006) and as an electron mediator that can 
be used by P. aeruginosa or other microorganism to transfer electrons to the anode in 
MFCs (Rabaey et al. 2005b). Pyocyanin also functions as an antibiotic (Baron and Rowe 
1981). Another opportunistic pathogen Ochrobactrum anthropi produces electricity in 
MFC but is not capable of electron transfer to solid iron oxides (Zuo et al. 2008). The role 
of quorum sensing signals in intra- and inter-species electron transfer and also in microbial 
pathogenesis is not well understood (Logan 2009). 
1.7.3 Effect of anode potential on microbial community and electricity production 
The potential difference between the electron donor and the electron acceptor (e.g. anode) 
as well as the amount of electrons transferred determines the available bacterial energy 
gain, calculated as Gibbs free energy according to the formula fl.G = -nFfl.E, with n the 
number of electrons transferred, F the Faraday's constant and fl.E the potential difference 
between the electron donor and acceptor (Thauer et al. 1977). Microorganisms attempt to 
gain maximum possible energy, enabling them to grow faster and out-compete other 
species. The potential of the anode will affect the bacterial metabolism by determining the 
redox potential of the final bacterial electron shuttle (Rabaey and Verstraete 2005). 
The potential of the anode is dependent on the conditions of the surrounding medium 
(the ratio of oxidized and reduced species, pH and temperature), the biocatalyst activity and 
the applied external resistance (Aelterman et al. 2008a). The anode potential varies 
according to the external resistance (load) used, reflecting the redox potential of terminal 
electron carriers and respiratory enzymes (Logan 2009). For a set resistance, the more 
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negative the anode potential, the lower the energy gain for bacteria and the higher the 
energy recovery in MFC (the higher the power output) (Logan 2009) (Figure 1.6). 
However, at too low anode potentials fermentation reactions may prevail, providing more 
energy for microorganisms than anode reduction (Rabaey and Verstraete 2005). The 
external resistance can be used to vary the anode potential and therefore also the microbial 
metabolism and community composition in MFC (Aelterman et at. 2008a). Aelterman et at. 
(2008c) showed that increasing the substrate loading rate resulted in increased current 
generation only if the external resistance was low (i.e. MFC voltage low and anode 
potential high and higher resulting current output). Operating acetate-fed MFCs at different 
external resistances was found to have an affect on the microbial community structure 
(Lyon et al. 2009). 
Specific anode potentials can also be controlled using a potentiostat in order to study 
the effect of different anode potentials on bacterial activity and optimization of the anode 
potential for a specific bacterium or microbial community. Aelterman et al. (2008b) 
operated three acetate-fed reactors in continuous-mode at set anode potential of 0, -200 and 
-400 m V versus an Ag/ AgCI reference electrode to investigate the effect of anode potential 
on bacterial activity. The optimal anode potential of -200 m V was suggested since the MFC 
at that potential generally had higher respiration rate and generated slightly higher current 
and maximum power densities. However, at the end the power output was same in all 
MFCs. In accordance with the available energy gain to bacteria, the biomass yield was 
lower the lower the anode potential was (Aelterman et al. 2008b). In another acetate-fed 
MFC a critical anode potential of -420 mV (vs. Ag/AgCI) was established which 
characterized the maximum power output of the MFC and below which the current 
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generation became limited and above which no further significant improvement in current 
generation was observed (Cheng et al. 2008). Finkelstein et al. (2006) also demonstrated 
the dependence of current generation on anode potential in sediment MFC exploiting 
mineral-reducing microorganisms. The current generation increased with increasing anode 
potential (-58, 103 and 618 mV vs. Ag/AgCl). They also noticed that when an originally 
positive anode potential was let to vary by disconnecting the anode from potentiostat, the 
anode potential became more negative by 35 to 55 m V whereas the original anode 
potentials were sustained in the abiotic control MFCs. Therefore Finkelstein et al. (2006) 
suggested that microbial consortia can self-regulate their terminal electron transferring 
components to redox level closely below the anode potential, by e.g. increasing the ratio of 
reduced to oxidized components. The species able to maximize their energy gain at a 
specific anode potential could also have selective advantage and be enriched in MFCs 
(Finkelstein et al. 2006). To support this idea, differences in the composition and dynamics 
of anodic communities have been shown in plankton-fed MFCs operated in batch-mode at 
different set MFC voltages (0.3 and 0.6 V) (White et al. 2009). At 0.3 V, a succession from 
y-Proteobacteria to Geobacter and then to the dominance of Flavobacterium-Cytophaga-
Bacteroides was observed, whereas at 0.6 V (at lower anode potential) Geobacter was 
predominant. In contrast to previous studies (Finkelstein et al. 2006; Aelterman et al. 
2008b), low anode potentials (-0.15 V, -0.09 V vs. SHE) resulted in selection of more 
efficient electricity-producing communities generating higher biofilm and current densities 
with reduced start-up times (Torres et al. 2009). Anodes at low potentials selected strongly 
for Geobacter sulfurreducens (92-99% abundance) whereas at the highest potential (+0.37 
V vs. SHE) the bacterial community was more diverse. The low anode potential was 
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suggested to select for bacteria capable of respiring the anode efficiently with minimal 
energy loss and that use a solid conductive matrix as electron transfer mechanism to the 
anode, observed as putative bacterial nanowires and higher density of extracellular 
polymeric substances (EPS) in the anodic biofilm at low potentials (Torres et al. 2009). 
E (acetate/C02) = -0.30 V 
Bacteria M=O.lOV 
Anode: E = -0.20 V 
MFC energy M = 0.45 V 
Cathode: E = 0.25 V 
t 
Lost energy , M = 0.6 V 
, 
I E02 = O.S V I 
Figure 1.6 Potentials and energy distribution in MFCs (Logan 2009) at pH = 7. A MFC 
voltage of 0.3 - 0.5 V is usually obtained (till = 0.45 V in this example), depending on the 
energy gain of microorganisms at the anode and energy losses at the cathode. 
1.7.4 Conversion of organic matter to electricity by consortium of microorganisms 
Conversion of complex organics to electricity is based on the interactions of metabolically 
different bacteria. Fermentative bacteria that degrade complex fuels to simpler substrates 
are important part of the electricity-producing community in many MFCs (Ren et al. 2007; 
Ishii et al. 200Sb; Wang et al. 2009b; Zhang et al. 2009b). Conversion of more simple 
fermentative substrates, such as glucose and ethanol, to electricity has also been observed 
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to be a syntrophic process between fermentative and exoelectrogenic microorganisms 
(Freguia et al. 2008; Lee et al. 2008; Parameswaran et al. 2009a). According to Lovley 
(2008), a simplified model can be used to illustrate the possible electricity generation 
pathways from organic matter to electricity in a mixed bacterial community (Figure 1.7). 
Complex organics are hydrolyzed to constituents such as sugars and fatty acids, which are 
then fermented or directly oxidized by bacteria that use the fuel cell anode as their terminal 
electron acceptor. Such oxidation reactions could be either complete or incomplete 
yielding, for example, acetate. Products from fermentation and incomplete substrate 
oxidation, such as acetate and hydrogen, could be further used by anode-respiring bacteria 
to generate current (Lovley 2008). 
The coulombic efficiency of MFC is defined as the ratio of electron equivalents 
generated as current divided by the electron equivalents removed from the substrate 
(Parameswaran et al. 2009a). The use of fermentable substrate has been shown to decrease 
the coulombic efficiency of MFCs in comparison to non-fermentative substrates, such as 
acetate (Min and Logan 2004; Jung and Regan 2007; Lee et al. 2008; Chae et al. 2009). 
Biomass, residual organic compounds and methane production were found to be the largest 
electron sinks diverting electrons from current generation in MFC fed with fermentable 
substrate (Lee et al. 2008). The growth of fermenters can lead to competition of space with 
electricity-producers on anode surface, observed as higher biomass density on the anode 
with glucose compared to acetate as substrate, although the current was much lower in 
glucose-fed MFC (Lee et al. 2008). However, some fermentative bacteria such as 
Clostridium butyricum, Aeromonas hydrophila, Lactococcus lactis and Enterobacter 
cloacae have been shown to produce electricity in MFCs as pure culture (Park et al. 2001; 
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Ph am et al. 2003 ; Freguia et al. 2009; Rezaei et al. 2009), but their direct function ina as 
o 
anode-reducers in mixed community MFCs has not been demonstrated. 
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Organics 
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Figure 1.7 A model for conversion of organic matter to electricity in MFC anode. Only 
direct electron transfer without soluble electron shuttles is illustrated in this example. 
(Lovley 2008). 
1.7.5 Methanogenesis competes with electricity generation 
Methanogenic archaea may also contribute to the degradation of fermentable contaminants 
in MFCs by forming syntrophic interactions with fermentative bacteria, as shown for 
glucose and ethanol-fed MFCs (Freguia et al. 2008; Parameswaran et at. 2009a). 
Methanogens are a key functional group in anaerobic treatment of wastewaters where they 
produce methane from fermentation of acetate (acetoclastic methanogens) or oxidation of 
hydrogen (hydrogenotrophic methanogens) generated by fermentative bacter ia (Rittmann 
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and McCarty 2001). Presence of methanogens in MFCs would cause a loss of electrons to 
methane but also methane emissions should be avoided due to its nature as a potent 
greenhouse gas (Freguia et al. 2008). 
Methane production has generally been detected in MFCs fed with fermentable 
substrates (glucose, ethanol) but not in MFCs fed with acetate, suggesting that acetate-
oxidizing exoelectrogens are capable of out-competing acetoc1astic methanogens (Freguia 
et al. 2007; Lee et al. 2008; Parameswaran et al. 2009a). In some studies using fermentable 
substrates glucose, ethanol or cellulose, hydrogenotrophic methanogens were found to 
compete or even out-compete the H2-utilizing exoelectrogens, whereas acetoc1astic 
methanogenesis was not detected (Freguia et al. 2008; Ishii et al. 2008b; Parameswaran et 
al. 2009a). Freguia et al. (2008) showed that part of the anodic H2 produced by glucose 
fermentation was used by hydrogen-oxidizing methanogens, as shown by short-term kinetic 
tests with H2. By electron balances and finding that hydrogenotrophic methanogenic genus 
Methanobacteriales were the only methanogens present in the anodic biofilm constituting 
~4% of the total microbial community, Parameswaran et al. (2009a) demonstrated that the 
electrons available in H2 from ethanol fermentation were routed to C~. A 
hydrogenotrophic methanogen, Methanobacterium bryantii, dominated the archaeal 
community in a cellulose-fed MFC (Ishii et al. 2008b). However, some MFC studies have 
shown the presence of both hydrogenotrophic and acetoc1astic methanogens with 
fermentable substrates: In a glucose-fed MFC acetoc1astic and hydrogenotrophic 
methanogens accounted for around 19% and 5%, respectively, of the total microbial 
community (Chung and Okabe 2009). Both acetoclastic (Methanosaeta sp.) and 
hydrogenotrophic (Methanobacterium sp. and Methanospirillum sp.) methanogens were 
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also members of anodic biofilm community in a MFC fed with glucose and lactate (Borole 
et al. 2009). 
Parameswaran et al. (2009 a and b) showed the abundance of homo-acetogens and 
electron flow from H2 to current via acetate in ethanol-fed MFC only when the 
methanogenesis was inhibited. Therefore they suggested promoting of growth of homo-
acetogens in anodic biofilm based on their higher tolerance to oxygen and ability to out-
compete hydrogenotrophic methanogens at low temperature and pH in order to prevent 
electron flow to CRt (Parameswaran et al. 2009b). Freguia et al. (2008) suggested that 
periodic aeration could possibly be an effective method for suppressing methanogens 
especially in the anodes with lower porosity, such as carbon fibres, where methanogens 
may not be able to find protection against aeration. Controlling the anode potential has not 
proved effective for suppression of methanogenesis (Freguia et al. 2008; Virdis et al. 2009). 
1.8 Electricity-producing microbial communities 
1.8.1 Bacterial diversity and factors affecting bacterial composition in MFCs 
Bacterial communities found in MFCs are very diverse, and no typical electricity-producing 
consortium is yet established (Aelterman et al. 2008a). The exoelectrogenic capabilities of 
mixed communities remain unknown, although many MFC isolates have been shown to 
generate electricity in pure culture. When studied in the same MFC setup the pure cultures 
have shown both comparable or higher (Nevin et al. 2008; Xing et al. 2008) and lower 
(Park and Zeikus 2003; Rabaey et al. 2004; Ishii et al. 2008a; Zuo et al. 2008) power 
densities than the mixed cultures, depending on the MFC setup and the bacterial strain used 
43 
(Nevin et al. 2008). In addition to the possibility of obtaining higher power outputs, 
employing mixed cultures have advantages over using pure cultures, such as higher 
stability during process disturbances and applicability of wider range of substrates (Rabaey 
and Verstraete 2005). 
Many different types of inocula, such as anaerobic sludge (Rabaey et al. 2004), 
activated sludge (Lee et al. 2003), domestic wastewater (Liu et al. 2004a), marine sediment 
(Bond et al. 2002) and soil (Ishii et al. 2008c), have been used to enrich electricity-
producing communities. With wastewater, aerobic/anaerobic sludge or rumen bacteria as 
inoculum, communities in MFCs can consist mainly of fermenting, denitrifying, 
sulphate/sulphur-reducing or uncharacterized bacteria (Rabaey et al. 2004; Zuo et al. 2008; 
Xing et al. 2009b; Kim et al. 2004; Aelterman et al. 2006; Jong et al. 2006; Rismani-Yazdi 
et al. 2007). Metal-, sulphate- or sulphur-reducing 8-Proteobacteria are shown to be the 
most abundant in sediment MFCs (Bond et al. 2002; Tender et al. 2002; Holmes et al. 
2004b). Although the most studied exoelectrogens, the Gram-negative metal-reducing 
Shewanella spp. (Logan et al. 2005) and Geobacter spp. (Lee et al. 2003; Jung and Regan 
2007; Aelterman et al. 2008c; Xing et al. 2009a) are abundant in some MFCs inoculated 
with sediment and wastewater, respectively, their presence is not a necessity for high power 
production (Rabaey et al. 2004; Aelterman et al. 2006). 
Aelterman et al. (2008a) summarized different taxonomic classes of eight microbial 
fuel cells analysed by clone libraries and sequencing. The main taxonomic classes found 
were Proteobacteria (64%), Firmicutes (13%), nonclassified sequences (13%) and 
Bacteroidetes (7%). Gram-negative species represented most of the sequences found but 
Gram-positive Firmicutes were also a vital part of the communities (Aelterman et al. 
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2008a). The dominance of Firmicutes has been shown in MFCs fed with glucose- and 
lactate (Borole et al. 2009), acetate (Aelterman et al. 2006; Wrighton et al. 2008; Xing et al. 
2009b) and cellulose (Rismani-Yazdi et al. 2007). 
In addition to the source of inoculum, the choice of substrate affects the enriched 
microbial population. o-Proteobacteria and Bacteroidetes were predominant in anodic 
biofilm of glucose-, lactate- or acetate-fed MFCs inoculated with anaerobic sludge but 
Firmicutes was found only in MFCs fed with glucose (Jung and Regan 2007). In MFCs 
inoculated with river sediment, the anodic community was dominated by ~-Proteobacteria 
when fed with river water, and by a-Proteobacteria when fed with glucose and glutamate 
(Phung et al. 2004). Using wastewater as inoculum, a-Proteobacteria, Bacteroidetes and 
Firmicutes were most abundant members of communities of glucose-fed MFCs, whereas y-
Proteobacteria, a-Proteobacteria and ~-Proteobacteria dominated in acetate-fed MFCs 
(Xing et al. 2009a). 
The diffusion of oxygen into anode chamber can also have an effect on community 
composition, with the exception of sediment MFCs where anode is buried in anoxic 
sediment and strictly anaerobic conditions prevail (Logan and Regan 2006a). Another 
reactor setup related factor affecting the formation and composition of anodic biofilm is the 
flow conditions applied in the anode chamber, as opposed to operating MFC in batch-
mode. In a MFC inoculated with activated sludge and fed continuously with artificial 
wastewater containing glucose and glutamate, higher abundance of y-Proteobacteria, 
primarily Enterobacteriaceae, was found in the anodic biofilm and anode associated 
bacterial clumps than in the suspended or membrane-attached communities (Kim et al. 
2006). This was suggested to be caused by the biofilm-forming capacities of these 
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organisms (Aelterman et al. 2008a). In addition, several MFC isolates that are both known 
exoelectrogens and opportunistic pathogens (Rabaey et al. 2004; Zuo et al. 2008; 
Fedorovich et al. 2009) can produce exopolysaccharides, which could give these bacteria 
selective advantage in anode colonization (Zuo et al. 2008), especially in continuously 
operated MFCs. 
1.8.2 Dynamics of electricity-producing communities 
Although qualitative changes in microbial community composition of MFCs have been 
observed to occur over time (Rabaey et al. 2004; Aelterman et al. 2006; Wang et al. 2009b; 
Xing et al. 2009b; Zhang et al. 2009b), thus far the power output of mixed community 
MFCs has not been shown to correlate with the abundance of any specific species. In a 
glucose-fed batch-mode MFC microbial community evolved and power increased from 
0.65 to 4.3 W m-2 over 71 days with the enrichment of anodic biofilm microorganisms by 
repeated transfer of the biofilm and resuspension in fresh anode medium (Rabaey et al. 
2004). The isolates obtained from this MFC generated electricity via self-produced 
mediators, such as the identified pyocyanin by P. aeruginosa. Therefore the increase of the 
power output over time in the mixed community MFC was thought to result from 
increasing abundance of these mediator-producing bacteria and/or their enhanced self-
mediating capability but these hypotheses could not be confirmed. 
Aelterman et al. (2006) reported a three-fold increase in maximum power density of 
acetate-fed continuous-mode MFCs, thought to be attributed to the simultaneous shift from 
a community dominated by Proteobacteria, followed by Firmicutes and Actinobacteria, to a 
community dominated by Brevibacillus sp., a member of Firmicutes (59% of sequenced 
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clones). In a later study, metabolites produced by Pseudomonas sp. were shown to enable 
current generation by Brevibacillus sp. (Pham et al. 2008a). 
The quantitative community dynamics have thus far only been studied by White et al. 
(2009), who investigated community dynamics over one batch-cycle in a plankton-fed 
MFC operated with fixed cell-voltage, targeting some specific bacterial classes (y- and £-
Proteobacteria) or genus (Geobacter, Arcobacter, Flavobacterium-Cytophaga-Bacteroides 
or FCB). At the onset of power production an increase in the relative abundance of y-
Proteobacteria was observed, with a later succession from y-Proteobacteria to Geobacter 
and then to FCB phylotypes, suggesting the capability of different phylotypes to compete 
for resources, including the anode (White et al. 2009). 
1.8.3 Characteristics of exoelectrogenic species found in MFCs 
Species belonging to all five classes of Proteobacteria (Bond and Lovley 2003; Chaudhuri 
and Lovley 2003; Bretschger et al. 2007; Xing et al. 2008; Fedorovich et al. 2009) and the 
Firmicutes and Acidobacteria phyla have been shown to produce current in MFCs. Current 
generation with the yeast Pichia anomala possessing redox enzymes on its outer membrane 
is also demonstrated (Prasad et al. 2007). 
Known exoelectrogenic bacteria can be divided into different classes mainly according 
to their anaerobic respiratory metabolism (Xing et al. 2009b); dissimilatory metal-reducers 
such as Shewanella, Geobacter, Geopsychrobacter and Geothrix (Kim et al. 2002; Bond 
and Lovley 2003; Holmes et al. 2004c; Bond and Lovley 2005), nitrate-reducers 
(denitrifiers) including Pseudomonas, Ochrobactrum and Comamonas (Rabaey et al. 2004; 
Zuo et al. 2008; Xing et al. 2009b), and sulphate- or sulphur-reducers including 
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Desulfuromonas, Desulfobulbus and Desulfovibrio (Bond et al. 2002; Holmes et al. 2004a; 
Zhao et al. 2008). In addition, electricity generation by a purple nonsulphur bacterium, 
nonphotosynthetic Rhodoferax ferrireducens, a photosynthetic bacterium 
Rhodopseudomonas palustris and a fermentative Clostridium butyricum have been shown 
(Park et al. 2001; Chaudhuri and Lovley 2003; Xing et al. 2008). 
The large diversity of microbial communities detected in MFCs, the high number of 
species distantly related to any known cultured organisms according to their 16S ribosomal 
RNA (rRNA) sequence (Phung et al. 2004; Ki et al. 2008; Pham et al. 2008b; Chae et al. 
2009; Chung and Okabe 2009) and the abundance of bacteria with different types of 
metabolism that are found to be exoelectrogenic in pure culture would suggest that the 
ability of exocellular electron transfer is widespread in microorganisms (Aelterman et al. 
2008; Logan 2009). 
1.8.4 Microbiological approaches for improving anode performance 
A practical approach for improving the performance of anodic communities has been 
reported, including the use of high shear rate during initial enrichment period of MFC, i.e. 
applying turbulent conditions as calculated by G = v aI, where v = velocity of the liquid 
movement and d = the distance from the centre layer of the moving liquid to the electrode 
surface) (Pham et al. 2008b). A high shear rate of 120 s·l during the initial enrichment of 
the anodic microbial community for two weeks led to a power output three times higher 
compared to the MFC under low shear conditions (0.3 S·l). This was reported to result from 
the doubling of the thickness of the biofilm on the anode and the five-fold increase of 
biomass density at high shear rate (Pham et al. 2008b). The bacterial community 
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composition was significantly affected by the shear rate and most of the dominant species 
found in the high shear enriched MFC were uncharacterized species, whereas most of the 
dominant species in the low shear enriched MFC were known species (with sequence 
homology 2: 97%). This finding suggested that the high shear rate conditions select for 
special bacteria that are not enriched in normal conditions. 
In addition to increasing the biomass density within the biofilm, genetic and metabolic 
engineering could be used to create hight current producing strains and communities 
(Mahadevan et al. 2006; Izallalen et al. 2008; Pham et al. 2009). Electron-transfer reactions 
could possibly be enhanced by overexpression of proteins associated with electron-transfer 
and increasing the production of soluble electron mediators by bacteria (Pham et al. 2009). 
Possible adaptation and competition problems may arise from bioaugmentation of 
microbial communities (Pham et al. 2009), i.e. in this case introducing efficient 
exoelectrogens, engineered or wild type strains, into mixed community MFCs. Ph am et al. 
(2008c) resolved this issue by using a bioaugmentation method where a Pseudomonas 
chlororaphis strain producing electron mediating phenazine-based compounds was 
introduced to a mixed community MFC using protective slow-release tubes, leading to 
doubling of the current of the MFC in long-term. The study by Pham et al. (2008c) is the 
first report to demonstrate how bacterial interactions could be increased in order to enhance 
electron transfer in MFCs. 
Adaptive evolution by placing pressure to favour the selection of mutations or changes 
in the expression of existing genes that enhance current generation over time has also been 
proposed as promising method for developing high current producing strains or 
communities (Lovley 2006b and 2009). In this context, Geobacter sulfurreducens has been 
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shown to adapt to produce 7 to 8 times higher power densities compared to original 
inoculum after adaptation period of five months with poised anode potential (Yi et al. 
2009). The enhanced capacity of power generation was reported to be associated with 
changes in outer surface of the cell, such as greater nanowire density (Yi et al. 2009). Qiao 
et al. (2008) also discovered that E. coli that had evolved in a MFC excreted hydroquinone 
type compounds through unusually permeable outer membrane, thought to be responsible 
for the direct electron transport between E. coli cells and the anode. 
1.9 Introduction to the methods applied in this work 
1.9.1 Voltage and power measurements 
Cell voltage and electrode potentials in MFCs are usually measured using voltage meters 
and multimeters (Logan et al. 2006). Cell voltage is measured between the anode and the 
cathode, whereas electrode potentials can be determined against a reference electrode (Bard 
and Faulkner 2001). A polarization curve is a measurement of voltage as a function of 
current (Bard and Faulkner 2001). Typically in MFCs for polarization curve the external 
load (resistance) is periodically decreased (constant resistance discharge), the voltage is 
measured and the current calculated according to Ohm's law I = EcelllR, where Ecel/ is cell 
voltage and R is external resistance applied (Logan et al. 2006). Alternatively constant, 
periodically decreasing currents can be withdrawn from the fuel cell (galvanostatic 
discharge) and the voltage response measured (O'Hayre et al. 2006); this technique is more 
commonly applied to conventional fuel cells where electron generation and consumption 
rates at the electrodes are constant (Zhao et al. 2009b). The performance of an MFC is 
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evaluated mainly via power output. A power curve describes the power density as a 
function of current and is calculated from the polarization curve according to P = K-elt/, 
where Ecell is cell voltage and I is current (Logan et al. 2006). 
1.9.2 Cyclic voltammetry (CV) 
Potentiostats can be used to analyze electrochemistry of MFCs in more detail. The voltage 
of a system is controlled and the current response measured (O'Hayre et al. 2006). The 
potentiostat is typically operated in a three-electrode-mode with a working electrode (anode 
or cathode), a reference electrode (for measuring potentials) and a counter electrode (for 
measuring currents). A potentiostat is used in cyclic voltammetry (CV) tests, where the 
potential of working electrode is varied at a certain scan rate in both directions across the 
desired voltage range, and the cyclic current response monitored (O'Hayre et al. 2006). CV 
is the most common and straightforward technique to determine mechanisms of electron 
transfer from bacteria to anode and the redox potentials of the compounds involved (Zhao 
et al. 2009b). The ability of bacteria to use mobile electron carriers or membrane-associated 
compounds for electron transfer can be investigated by CV. The oxidation/reduction 
reactions of electron shuttles can be analyzed for (a) electrode with biofilm in MFC 
solution; (b) electrode with biofilm in fresh MFC medium and (c) electrode without biofilm 
in fresh MFC medium (Rabaey et al. 2004; Kim et al. 2007b). A peak in the voltammogram 
in cases (a) and (b) indicates the presence of membrane-associated electron shuttles, 
whereas a peak in cases (a) and (c) is due to mobile electron shuttles. 
51 
1.9.3 Electrochemical impedance spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS) can be used to measure the ohmic internal 
resistance of MFCs (Logan et al. 2007; Kim et al. 2007a; Cheng et al. 2006b; He et al. 
2006). EIS spectra also allow the analysis of charge and mass transfer impedances (Zhao et 
al. 2009b). EIS measurements are carried out with a potentiostat equipped with a frequency 
response analyzer (Bard and Faulkner 2001). The potentiostat is sometimes operated in 
two-electrode-mode with the cathode serving as working electrode and the anode serving as 
both reference and counter electrode (Logan et al. 2006). In EIS measurement a sinusoidal 
perturbation (usually voltage) with small amplitude is applied to the system and the current 
response measured (Bard and Faulkner 2001). Tests are conducted over a wide range of 
frequencies of sinusoidal signal, resulting in the impedance spectrum represented as 
Nyquist plot where the x-axis and y-axis are the real part (ZRe) and the imaginary part (Zlm) 
of the impedance (Z((O) = ZRe + jZlm), respectively. Ohmic internal resistance is determined 
on a Nyquist plot as the high frequency intercept of the impedance curve with the x-axis, 
i.e. where the imaginary part (Zlm) of the impedance vector quantity is zero (Bard and 
Faulkner 2001). 
The optimization of materials, MFC configuration, electrode spacing and electrolyte 
concentration can lead to reduction in ohmic losses and increase in power density of the 
system (Zhao et al. 2009b). Conductivity of membranes can also be measured by EIS in 
order to evaluate possible changes occurring during MFC operation. 
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1.9.4 Analysis of microbial community compositions by DGGE 
The most common technique used to analyse microbial communities involved in bioenergy 
production is the fingerprinting of the small sub-unit (SSU) rRNA gene of the most 
abundant community members (Rittmann et al. 2008). These molecular methods include 
clone library analysis and Denaturing Gradient Gel Electrophoresis (DGGE) amongst other 
techniques which are reviewed by Rittmann et al. (2008). These techniques allow the 
identification of the key players of mixed microbial communities without the need for 
culturing and help to understand the syntrophic interactions of microorganisms. The 
microorganisms involved in successful operation of reactors producing bioenergy can be 
monitored periodically in order to assess the process continuously (Rittmann et al. 2008). 
Better understanding of how the microbial community dynamics is related to the 
functioning of a bioreactor, such as wastewater treating system, could allow the 
improvement of system design, treatment process, and the methods to monitor and control 
bioreactors (Briones and Raskin 2003; Gentile et al. 2007; Wittebolle et al. 2009). 
DGGE is commonly used for analysing microbial community composition, diversity 
and dynamics (Green et al. 2009). The advantages of DGGE over other methods are that it 
is rapid and affordable for analysing multiple samples, population dynamics can be 
analyzed in a semiquantitative way over time and unknown organisms identified via 
sequence analysis of excised bands (Muyzer et al. 1993; Rittmann et al. 2008; Green et al. 
2009). Prior to DGGE, community DNA is extracted from environmental sample and genes 
coding for partial16S rRNA are amplified using Polymerase Chain Reaction (PCR). Partial 
16S rRNA genes of different microbial species are then separated in a polyacrylamide gel 
containing a linearly increasing gradient of denaturants (urea and formam ide) (Muyzer et 
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al. 1993). The separation of the gene fragments of similar size into bands is based on the 
G+C content of the sequence due to the stronger nature of DNA base-pairing between 
guanine-cytosine (three hydrogen bonds) compared to adenine-thymine (two hydrogen 
bonds) (Green et al. 2009). The electrophoretic mobility of partially melted double-stranded 
DNA is decreased in comparison to the completely helical double-stranded structure 
(Muyzer et al. 1993). Denaturing gradient retards the migration of a double-stranded DNA 
fragment when the least stable region is melted, as suggested by Fischer and Lerman 
(1980). Therefore, sequence differences in a melting domain can affect the mobility of the 
whole DNA fragment. In addition, incorporation of a GC-rich sequence (GC-clamp) into 
one of the PCR primers is used to optimize DGGE separation by preventing complete 
denaturation and formation of single-stranded fragments that could migrate out of the gel 
(Muyzer et al. 1993; Green et al. 2009). 
The rRNA genes (SSU, 16S rRNA for prokaryotes) have been chosen as molecular 
markers of microbial diversity due to their presence in all living organisms and their highly 
conserved structure throughout evolution, yet including some highly variable regions 
(Green et al. 2009). The conserved regions serve as priming sites whereas separation in 
DGGE and phylogenetic analysis is due to sequence divergence in the variable regions. In 
addition to bacteria, the SSU rRNA genes are also used for fingerprinting communities of 
archaea and eukaryotes. 
However, the limitation of DGGE technique regarding high diversity samples need to 
be considered; Species constituting around 1 % or more of the total community are detected 
with DGGE (Muyzer et al. 1993). A single band can represent multiple organisms and 
multiple bands may be formed from a single organism with multiple variable 16S rRNA 
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gene operons (Rittmann et al. 2008; Green et al. 2009). Purely quantitative results are not 
likely to be obtained due to bias associated with DNA extraction and heteroduplex 
formation during the last cycles of PCR and with the variability of copy numbers of RNA 
operon in organisms (Muyzer and Smalla 1998). Formation of chimeric molecules derived 
from more than one template during PCR amplification also causes bias, however several 
programs are developed to detect these spurious gene sequences (Muyzer and Smalla 
1998). 
1.9.5 Statistical analysis of DGGE profiles 
The advantage of DGGE technique is also the possibility of coupling statistical analysis to 
DGGE fingerprints to compare communities in different samples (Marzorati et al. 2008). 
Cluster analysis and ordination techniques such as principle component analysis (PCA) are 
alternative or complementary methods to reduce the complexity of raw data for recognition 
of similarities, correlations or groupings among samples (Dollhopf et al. 2004; Van 
Versevelde and Roling 2004). The data from DGGE can be represented for these analyses 
by assigning a name to each band and then scoring for presence or absence of each band in 
each sample (Dollhopf et al. 2004). Each band is assumed to represent individual species. 
In this way a binary data matrix of 1 s (presence) and Os ( absence) indicating the presence 
and absence of each species is created. Band assignment can be done manually or with the 
assistance of a computer program (Rademaker and De Bruijn 2004). 
In cluster analysis the resemblance between samples is calculated In patrs (Van 
Versevelde and Roling 2004). These resemblances are then presented as a matrix and 
visualized via clustering, resulting in a dendrogram where each sample is assigned to a 
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group based on the similarity to other samples. Several resemblance coefficients and 
clustering algorithms can be used (for a review, see Legendre and Legendre 1998). 
Similarity coefficients are most often used for analysis of community profiles (Van 
Versevelde and Roling 2004). A widely used similarity coefficient which considers the 
presence and absence of bands is Jaccard coefficient (Van Versevelde and Roling 2004). 
Jaccard coefficient is defined as a number of bands shared between samples divided by the 
number of unique bands. A value of zero indicates no similarity, while a value of one 
indicates identical community profiles (Van Versevelde and Roling 2004). Jaccard is 
appropriate since it does not take into account the double absence of bands and avoids 
overestimation of similarity between samples (Schafer and Muyzer 2001). A suitable 
coefficient is also Pearson correlation coefficient that can be used in some specialized 
software packages to directly compare the whole densitometric curves of community 
profiles instead of assigning specific band positions (Rademaker and De Bruijn 2004). 
Unweighted Pair-wise Grouping with Mathematical Averages (UPGMA) or average 
linkage cluster analysis is a frequently used clustering algorithm for binary data where pair-
wise similarities of DGGE patterns are used to construct a dendrogram describing distances 
between patterns in graphical form (Schafer and Muyzer 2001). UPGMA provides an 
intermediate method between single and complete linkage clustering where similarity 
between two groups is calculated as proximity between the most similar pair (nearest 
neighbour) or the least similar pair (furthest neighbour) of DGGE patterns between the two 
groups, respectively (Rademaker and De Bruijn 2004). 
One commonly applied multivariate ordination method is PCA which reduces a DGGE 
pattern to a point in a two- or three-dimensional space (Van Versevelde and Roling 2004; 
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Marzorati et al. 2008). Each species (band) is considered as a variable that describes the 
sample. The axes of the graph represent summary variables, also called components, which 
are obtained by summarizing common correlations among variables into fewer variables. 
These components summarize the variability of the dataset and explain most of the 
variation between samples (Dollhopf et al. 2004). Samples close together in the PCA plot 
have similar species composition. 
1.9.6 Phylogenetic trees 
Phylogeny describes the evolutionary history of lineages. Phylogenetic trees are 
dendrograms reflecting the genetic similarity and evolutionary relatedness among taxa. 
How well a phylogenetic dendrogram reflects the true evolutionary divergence is dependent 
on the group of organisms studied and the resolution of the technique used to fingerprint 
and identify the individuals (Rademaker and De Bruijn 2004). Comparative sequence 
analysis of SSU rRNA is the most commonly applied method for analysis of phylogeny and 
microbial taxonomy (Ludwig et al. 2004). 
For microbial taxonomy studies, the bands can be excised from a DGGE fingerprint, 
gene fragments reamplified and sequenced (Muyzer et al. 1993). Species can be identified 
by comparing the sequences against online databases (e.g. GenBank) (Osborn and Smith 
2005). The 16S rRNA gene sequence similarity of <97% is generally regarded to indicate 
different species (Osborn and Smith 2005). A widely used software for the sequence 
alignment and phylogenetic tree construction is the ARB (Latin, "arbor" = tree) program 
package (Ludwig et al. 2004). Phylogenetic trees of 16S rRNA gene sequences are usually 
constructed by first computing a distance matrix containing pair-wise distances of species 
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that estimate the total branch length between species, and this distance matrix is then 
processed using the neighbour joining algorithm (Saitou and Nei 1987). The neighbour 
joining algorithm is computationally fast clustering method for creating large trees and 
numerous replicates, and it finds pairs of species (neighbours) that minimize the total 
branch length at each stage of clustering (Saitou and Nei 1987). A root (outgroup) can be 
added to the tree using an additional sequence of species which is assumed to lie outside of 
the tree, however this root does not usually reflect the evolutionary history of species 
present in the tree (Osborn and Smith 2005). 
The observed clusters in a tree are normally validated by bootstrap analysis 
(Felsenstein 1985). Bootstrapping involves a creation of new data sets from the original 
data by random resampling of n nucleotide sites (n = total number of nucleotide sites) in the 
alignment with replacement, the resulting data set having the same species and same 
number of nucleotide sites than originally but some nucleotide sites being left out and some 
others likely being represented more than once. This bootstrapping process is repeated 
several times (2: 100) (Van Versevelde and Roling 2004) i.e. several bootstrap trees are 
created, and then a consensus tree constructed. For each branch node, the percentage of 
bootstrap trees that supports an individual group to the right of the node is then presented in 
a consensus tree. 
1.9.7 Range-weighted richness and functional organization of communities 
Marzorati et al. (2008) introduced a range-weighted richness index and functional 
organization analysis to assist the interpretation of molecular fingerprint profiles, such as 
DGGE, and the comparison between different studies of microbial ecology. The range-
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weighted richness index (Rr) can be used to estimate diversity of an environment taking 
into account the genetic variation (Ge content ofbacterial16S rRNA genes). Rr is based on 
the number of bands (species) (N) in a community pattern and the percentage of denaturing 
gradient (Dg) required to describe the total diversity of the community on the DGGE gel 
and is calculated as Rr = N2 x Dg (Marzorati et al. 2008). The wider the gradient needed, 
the more species with genetic variability is hosted by the environment. According to the 
classification of Marzorati et al. (2008) the Rr values <10 are characteristic to environments 
restricted to colonization such as contaminated soil, the values between 10 and 30 
correspond to medium range-weighted richness, while Rr > 30 is common for very 
habitable environments with high microbial diversity such as activated sludge (Marzorati et 
al. 2008). Diverse communities are thought to be more likely to support functional stability 
of system. Higher species richness increases the functionality of communities and the 
functional stability (Tilman 1996; Bell et al. 2005). 
However, the species richness alone does not guarantee the functional stability. It has 
been suggested that redundancy of function is more important factor in determining the 
stability of system (Fernandez et al. 2000; Briones and Raskin 2003). Fernandez et al. 
(2000) studied the response of two different methanogenic communities to a perturbation 
by glucose shock loading and found that the community with greater structural stability was 
less functional stable compared to the community that responded in dynamic manner. This 
result suggested that functional stability is linked to flexible community structure. The 
interspecies abundance ratios and the functional redundancy can be assessed by 
constructing Pareto-Lorenz evenness distribution curves based on DGGE profiles 
(Marzorati et al. 2008; Wittebolle et al. 2008). Evenness is a measure that compares the 
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population size of each species in a community. The functional organization (Fo) results 
from the action of the organisms that are most fitting and become dominant in a particular 
environment (Marzorati et al. 2008). Fo can be defined as the ability of a community to 
organize in a distribution that consists of dominant microorganisms and ones in lower 
abundances that can proliferate and replace the dominant species. It can be graphically 
represented as Pareto-Lorenz curves where species (bands) are ranked from high to low 
based on their abundance, and subsequently the cumulative proportion of species is used as 
x-axis and the cumulative proportion of species abundances represent y-axis (Marzorati et 
al. 2008). The more the curve deviates from the 45° diagonal line (theoretical perfect 
evenness), the less even the community is considered to be. The curves are numerically 
interpreted by scoring the y-axis projection of their respective intercepts with the vertical 
20% x-axis line. These curves have previously been related to the functionality of specific 
microbial communities (Dejonghe et al. 2001; Mertens et al. 2005; Wittebolle et al. 2008). 
A 25% curve (low Fo) is suggested to represent a community with high evenness which 
may be due to a lack of selective pressure (Marzorati et al. 2008). In the absence of 
predominant species a relatively long time period could be needed for the community to 
recover from sudden stress exposure. The area surrounding the 45% curve (medium Fo) 
represents balanced community where the most fitting species are dominant and the 
majority is present in decreasing lower amounts, communities with such a structure can 
potentially preserve their functionality in varying environmental conditions (Marzorati et 
al. 2008). A community represented by the 80% curve (high Fo) has a small amount of 
dominant species while the others are present in low abundances. Although highly 
60 
functionally organized, this community is fragile to environmental changes and may require 
long recovery times. 
1.10 Hypotheses, aims and objectives 
The basis of this work is to understand how the performance of MFCs can be understood 
and improved by analysing the behaviour of the microbial communities in the anodic 
chamber. Enhancements in MFC performance could be achieved via ecological engineering 
of microbial communities based on the knowledge of community dynamics and functions 
in MFCs. Previously, microorganisms have been suggested to develop in a MFC into 
consortia having higher electrochemical capability (Rabaey et al. 2004; Aelterman et al. 
2006) (Section 1.8.2). This leads to the question of what kind of change occurs within 
microbial community during MFC operation. Are there any dominant species in anodic 
biofilm or suspended communities? What are the metabolic capabilities of these species? 
Do certain types of 'winner' species generally exist in MFCs that are selected and become 
more abundant over time leading to enhanced power production? Another important issue 
is to assess if communities develop identically in the MFCs, and if replicate systems show 
similar performance, community composition and dynamics. 
Reactor design may play an essential role in the behaviour of the microbial 
communities. Can organic matter degradation and electricity generation be efficiently 
compartmentalized into subsequent modules of tubular longitudinal reactors by different 
naturally evolved microbial communities? Could MFC performance be improved by using 
an acclimatised inoculum, that is a microbial consortium developed in a well-performing 
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MFC (acclimated using similar original inoculum and substrate) and possibly containing 
high concentration of exoelectrogens? It is also unknown whether the functional 
organization of communities enables fast recovery of MFC function after changes in 
environmental conditions in practical applications. Finally, as the composition of the 
community certainly affects the behaviour of the MFC, it is important to see whether 
methanogenic archae a compete with electricity generation in MFC communities. 
The specific aims and objectives in order to gain better understanding of community 
dynamics and its relation to MFC performance were as follows: 
1. Development of a MFC for simultaneous power generation and treatment of artificial 
wastewater, suitable for studies of microbial community dynamics of MFCs, using pure 
and mixed microbial cultures. 
2. To understand the effect of an acclimatised inoculum on the MFC performance and its 
microbial composition. Changes in start-up time and power density will be expected as 
a result of using an acclimatised inoculum and individual species or a consortium with 
high electricity-generation capability could be identified based on the differences In 
performance of the MFCs with different types of inoculum. 
3. Study of performance and bacterial and archaeal community dynamics of anodic 
biofilm and suspended culture in replicate MFCs. Good MFC performance (high power 
density) could be correlated to the relative species abundance data in order to detect 
species with important functional role in electricity production. 
4. To analyse the spatial and temporal development of bacterial and archaeal communities 
in duplicate longitudinal tubular reactors, where the degradation of organic matter is 
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distributed along the length of the reactor. In those systems, community composition 
and functions could be spatially different. The microbial community dynamics could be 
linked to the reactor performance in order to detect key contributors of electricity-
generating communities. 
5. To study the effect of reactor design on microbial community development. The 
community composition and dynamics of different types of MFCs will be compared, 
employing similar inoculum, substrate and anode materials in both types of MFCs. 
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Chapter 2 Materials and Methods 
Chemicals were purchased from Sigma-Aldrich (UK) or Fisher Scientific (UK) unless 
otherwise stated. 
2.1 Microorganisms and culture media 
2.1.1 Escherichia coli 
E. coli K12 was obtained from Blades Biological (UK). E. coli were stored in Brain Heart 
Infusion (Oxoid, UK) containing 20% glycerol at -80°C. One mL of this culture was used 
to inoculate 50 mL of nutrient broth (Oxoid) in 250 mL conical flasks which were 
incubated at 37°C for 16 h in an orbital shaker at 150 rpm. The cultures were used to 
prepare E. coli stocks (1 mL) by adding glycerol at a 1: 1 ratio v/v. These stocks were kept 
at -80°C and used to inoculate the E. coli medium containing (g L-1): tryptone: 10; yeast 
extract: 5; K2HP04: 17.4; and sucrose: 2.0 (pH 7.0) (Ieropoulos et al. 2005). 
2.1.2 Desulfovibrio desulfuricans 
D. desulfuricans strain Essex 6 (DSM 642) was obtained from the Deutsche Sammlung von 
Mikroorganismen und Zellkulturen GmbH (DSMZ, Germany). Initial D. desulfuricans 
stock medium 1 (DMl) (Medium 63 for Desulfovibrio, DSMZ) consisted of (g L-1): 
K2HP04: 0.5; N~CI: 1.0; Na2S04: 1.0; CaCh • 2H20: 0.1; MgS04 • 7H20: 2.0; yeast 
extract: 1.0; sodium lactate: 2.0; resazurin: 1.0; FeS04 • 7H20: 0.5; sodium thioglycolate: 
0.1; and ascorbic acid: 0.1 (pH 7.8). Initial stock cultures for D. desulfuricans were grown 
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in 100 mL of OMI under an anaerobic N2 atmosphere at 37°C in 125 mL serum vials (150 
rpm). D. desulfuricans medium 2 (OM2) (modified Postgate's medium C) (Postgate 1984a; 
Battersby 1988; Cooney et al. 1996) contained (g L-1): sodium lactate: 6.0; yeast extract: 
1.0; Na2S04; 4.5; KH2P04: 0.5; N~CI: 1.0; sodium citrate (Na3C6Hs07 • 2H20): 0.3; 
sodium thioglycolate: 0.1; ascorbic acid: 0.1; CaCh • 6H20: 0.060; MgS04 • 7H20: 0.060; 
resazurin: 0.001; and FeS04 • 7H20: 0.004 (pH 7.5). D. desulfuricans was subcultured 
monthly in 100 mL of OM2 under the growth conditions described above. This stock was 
used to inoculate DM2. 
2.1.3 Anaerobic digester sludge 
Anaerobic digester sludge was collected from a biosolids mesophilic digester (Cog Moors 
Sewage Treatment Works, Cardiff, UK). The sludge was sieved using 0.6 mm mesh to 
remove large particles and stored at 4°C. Medium for MFCs inoculated with anaerobic 
sludge contained (per liter): ~CI: 0.31 g; NaH2P04 • H20: 2.69 g; Na2HP04: 4.33 g; 
KCI: 0.13 g (pH 7.0) (Kim et al. 2007a), supplemented with a trace mineral (12.5 mL) and 
vitamin (12.5 mL) solutions (Lovley et al. 1984), where sucrose was added as carbon 
source at 5 g L-1 in batch operation and at 0.1 g L-1 in continuous operation. 
All media preparations were autoclaved at 121°C for 15 min, except for vitamin, mineral 
and sucrose solutions that were filter-sterilized (0.2 !lm). 
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2.2 MFC configuration 
Tests with pure cultures of either E. coli or D. desulfuricans were performed using a single-
chamber microbial fuel cell (Figure 2.1). The anode chamber (9 cm3) and cover plates were 
made of Perspex, and stainless steel metal plates served as a contact between the cathode 
and the electrical circuit. The liquid volume of the anode chamber was 7.5 cm3 and 7 cm3 
for the single-layered and the multi-layered anode electrode setups, respectively. The anode 
electrode consisted of carbon fibre veil (PRF Composite Materials, UK) with PV A 
(polyvinyl alcohol) binder, with a geometric area of 6.3 cm2 (single-layered anode, Chapter 
3; E. coli and D. desulfuricans MFCs, anaerobic sludge MFCs used in sucrose 
concentration optimization) or 32 cm2 (multi-layered anode; all the other MFCs), and was 
placed inside the anode chamber and connected to an electrical circuit with an insulated 
nickel/chromium wire (11 cm, diameter of 25 ~m, resistance 0.6 0., Advent Research 
Materials, UK). The multi-layered anode consisted of five layers of carbon fibre veil, 6.3 
cm2 each, across which the Ni/Cr wire that connected the anode to the electrical circuit was 
knitted. The air-breathing cathode electrode consisted of Type A carbon cloth (6 cm2 in 
single species MFCs and 9 cm2 in mixed culture MFCs, E-TEK, Division of BASF) coated 
with 4 mg cm-2 of Pt black catalyst with PTFE poly(tetrafluoroethylene) binder. The 
platinum side of the cathode was painted with 0.5 - 1.0 mg cm-2 of Nafion perfluorinated 
ion-exchange ionomer (5% w/v dispersion in lower aliphatic alcohols and H20, Aldrich). 
The Nafion®-115 proton exchange membrane (PEM) (20 cm2, DuPont) was pretreated by 
boiling for 1 h in each of: 6% w/v H20 2, H20, 0.5 M H2S04 and H20 (Liu et al. 2004b; Zhu 
et al. 2006). The Nafion membrane was subsequently stored in deionised water in the dark 
before assembly between the anode chamber and cathode. 
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Figure 2.1 Schematic diagram (A) and photo (B) of a single-chamber microbial fuel cell 
used in this study. 
2.3 Batch-mode E. coli and D. desulfuricans MFCs 
Cell suspensions for E. coli or D. desulfuricans batch experiments were prepared by adding 
2 mL of stock suspension into 100 mL of either E. coli medium or DM2, in 125 mL serum 
vials. Cultures were grown anaerobically in a sealed vial at 37°C (150 rpm) until cells 
reached stationary growth phase, as determined by relatively stable value of log (OD600) 
(optical density) monitored with an Ultrospec 2000 UV/visible spectrophotometer 
(Pharmacia Biotech, Sweden). Cells were harvested by centrifugation (3500g for 20 min ; 
Labofuge 400, Heraeus Instruments), washed with 95 mL of 0.1 M phosphate buffer (16 
mM NaH2P04 and 84 mM Na2HP04, pH 7.5) and resuspended in the same buffer to obtain 
a final OD600 of 3.7. Substrates were added to the media at a final concentration of 0.4 g L·! 
sucrose (E. coli) (leropoulos et al. 2005), or 1.2 g L- 1 sodium lactate and 1.18 g L-! Na2S04 
(D. desulfuricans) (Battersby 1988). In the experiments containing e lectron carriers, 32 mg 
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L- l methylene blue was added to the medium (Ieropoulos et al. 200S). During the operation 
of D. desulfuricans MFCs, substrates were replenished by two additions of lactate and 
sulphate to the final concentration of 1.2 g L- l of added sodium lactate and 1.18 g L- l of 
added Na2S04 and a further addition to the final concentration of 6 g L- l of added sodium 
lactate and S.9 g L- l of added Na2S04. Cell suspensions and fuel cells were purged with N2 
prior to start up. Control tests were performed using sterile media. 
2.4 Recycled flow batch-mode D. desulfuricans MFCs 
For recycled flow batch-mode MFCs, D. desulfuricans were grown in DM2. Stationary 
phase cultures, as determined by OD600, were centrifuged (3S00g, 20 min; Labofuge 400, 
Heraeus Instruments, UK) and resuspended in an equivalent volume of fresh DM2. A total 
volume of 100 mL of this cell suspension was then recycled between a conical flask (total 
volume of 2S0 mL) and the anodic chamber of MFC at 0.07 mL min- l (Figure 2.2). The 
whole MFC setup was purged with N2 prior to starting the experiment, with the suspension 
in the conical flask purged with N2 throughout the experiment. Off-gases were bubbled in a 
1 M CUS04 solution to trap the H2S produced by the bacteria. When the lactate 
concentration was low (determined as described in section 2.8.1), the bacterial cells in the 
conical flask were harvested and resuspended in an equivalent volume of DM2 and 
returned to the conical flask. Control test was performed using sterile media. 
One of the recycled flow batch-mode MFCs was operated at 30°C in a temperature-
controlled room. Four separate MFCs were run simultaneously under the same conditions 
at room temperature (21-22°C). After 37 h of operation, the following parts were replaced 
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in different MFCs: cathode, Nation membrane, and Nation membrane and cathode. An 
MFC with no changes to components was used as the control. 
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Figure 2.2 Schematic picture of recycled flow batch-mode MFC used in tests with D. 
desulfuricans species (A), and set-up for four simultaneous recycled flow batch-mode 
MFCs used in this study (B). 
2.5 Continuous-mode D. desulfuricans MFCs 
D. desulfuricans cultures for continuous-mode MFCs were prepared and the MFCs were 
started up as mentioned above (Section 2.4) for recycled flow batch-mode tests . The 
bacterial cells in the conical flask were harvested and resuspended in an equivalent volume 
of DM2 and returned to the conical flask twice before starting the continuous feeding of the 
fresh medium only on day 6 at a rate of 0.07 mL min-I with the simultaneous discard ing of 
effluent medium (Figure 2.3). The medium flask was purged with N2 gas during the 
experiment. Control test was performed lIsing sterile media. 
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Figure 2.3 Schematic picture of continuous-mode MFC set-up (A) and picture of set-up for 
four simultaneous continuous-mode MFCs used in this study. 
2.6 Continuous-mode anaerobic sludge MFCs 
Anaerobic sludge MFCs were started up by suspending anaerobic digester sludge in 
nutrient medium (Section 2.1) containing 5 g L-1 sucrose at a 10% ratio . The effect of 
acclimatised inoculum was studied using samples from tubular MFCs: chilled samples 
consisting of a piece of anode electrode (2 cm2) in anodic suspension were obtained from 
University of Glamorgan. MFCs (Chapter 4) were started up immediately using these 
samples as inoculum. The anode sample was placed between pure carbon fibre veil layers 
(as in Section 2.2) to serve as an anode and 0.5 mL of anodic suspension was also added to 
MFCs. 
The MFCs were operated in batch-mode during the initial enrichment period for 
approximately two weeks. During that time the anodic suspension was repetitively replaced 
(5 times) first by mixing (l :9) anodic suspension with fresh N2-purged nutrient medium 
containing 5 g L-1 sucrose and then after one week by adding fresh sucrose containing 
medium only (no suspension retained in the anode chamber). In continuous mode, nutrient 
medium containing 0.1 g L- I sucrose, purged with N2 gas prior to and during the 
experiment, was fed to MFCs with a flow rate of 0.18 mL min-I . In the sLlcrose 
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concentration optimization study, sucrose concentrations of 0.05 g L-1, 0.1 g L-1 and 0.2 g 
L-1 were used in continuous-mode (Chapter 3). In the control test no sucrose was added to 
the medium. All MFCs were operated at room temperature (21-22°C). 
2.7 Tubular MFCs 
Anode biofilm samples of sucrose-fed tubular MFCs at different time points were used to 
analyse the development of microbial communities. Samples from the two modular 
microbial fuel cells described in Figure 2.4 were kindly supplied by Dr. J. R. Kim 
(Sustainable Environment Research Centre (SERC), Faculty of Advanced Technology, 
University of Glamorgan). The tubular microbial fuel cell consisted of two modules (AI 
and A2 or BI and B2 in replicate reactor) that were hydraulically connected but electrically 
independent. The anode was made of carbon fibre veil (PRF Composite Materials, UK) and 
wrapped around a central Perspex cylinder to a diameter of 1 cm (Kim et al. 2009b). 
Carbon cloth coated with Pt served as the cathode and was exposed to air on the outer 
surface whereas the inner surface was in contact with a cation exchange membrane (Kim et 
al. 2009b). The anode chamber volume was 220 cm3. Each module (AI, A2, B1 and B2) 
was independently connected to an external load circuit (1000 ohm). The MFCs were 
operated in fed-batch mode for 3 weeks using 5 g L-1 sucrose as substrate and then in 
continuous-mode thereafter using 700 ± 50 mg COD L-1 sucrose in feed at 0.0175 L h-1• 
The reactors were operated at room temperature (26 ± 2°C). The anode biofilm samples 
analysed in this study were taken near the influent port in modules A 1 and Bland near the 
effluent port in A2 and B2, respectively (Figure 2.4b). 
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Figure 2.4 Schematic diagram of (A) membrane electrode assembly (MEA) structure (Kim 
et al. 2009a; (B) two replicate htbular MEA-MFCs; and (C) photograph of tubular MEA-
MFCs (Kim et al. 2009b). Microbial communities of anode samples taken from these 
MFCs were analysed in this study. 
2.8 Chemical analyses 
2.8.1 Lactate analysis 
Lactate concentration in the anodic suspension of batch-mode D. desulfuricans MFCs and 
in the influent and effluent medium of continuous-mode D. desulfuricans MFCs was 
determined by aD-Lactic acid/L-Lactic acid UV-method (Boehringer MannheimlR-
Biopharm, Germany). Samples were filtered through 0.45 11m filters. Half a mL of L-
glutamic acid (14 .7 g L-1 in glycylglycine buffer, pH 10.0), 0.1 mL ofNAD (35 g L-1) , O.Ol 
72 
mL of glutamate-pyruvate transaminase (1.57 U f.1L-\ 0.05 mL of sample, and 0.45 mL of 
reverse osmosis water was added to a cuvette, mixed and the absorbance (AI) read after 5 
min at 340 nm with an Ultrospec 2000 UV/visible spectrophotometer (Pharmacia Biotech, 
Sweden). The reaction was started by adding 0.01 mL ofD-lactate dehydrogenase (5.43 U 
f.1L-I) and mixing, and the absorbance (A2) recorded after 30 min. Then 0.01 mL of L-
lactate dehydrogenase (5.43 U f.1L-I) was added and the sample mixed and the absorbance 
(A3) read after 30 min. The absorbance differences ~AD-Iactic acid and ~AL-lactic acid were 
calculated as A2-AI and A3-A2, respectively. The concentration of D-Iactate and L-Iactate 
were calculated as follows: 
VxMW 1 
C = xM(gL-) 
[; x d x vx 1000 
, where V = final volume (mL); v = sample volume (mL); MW = molecular weight of 
lactate (g morl); d = light path (cm); and c: = extinction coefficient ofNADH at 340 nm 
(L mmorl cm-l). Results for duplicate measurements were calculated as mean ± SEM 
(mean ± standard error of the mean). Lactate consumption in the batch-mode D. 
desulfuricans MFCs (n = 3) was calculated as C (%) = (mt - mr}/mt x 100, where mt is the 
total amount (g) of lactate added into the MFC during operation and mr is the amount (g) of 
lactate remaining in the MFC at the end of the test, and the result shown as mean ± SEM. 
Lactate consumption (%) in the continuous-mode D. desulfuricans MFCs was calculated as 
C (%) = (Ci - ce)/ci x 100, where Ci and Ce are the concentrations of lactate in the influent of 
the MFC and in the effluent of the MFC, respectively. 
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2.8.2 Total carbohydrate analysis 
The total carbohydrate concentration in the influent and effluent of anaerobic sludge MFCs 
was measured using the colorimetric phenol/sulphuric acid method (Dubois et al. 1956). 
Samples were filtered through 0.45 11m filters. To 200 ilL of sample 200 ilL of phenol (5% 
w/v) and then 1 mL of concentrated sulphuric acid was added and mixed immediately by 
vortexing. Samples were let to stand for 15 min and the absorbance was read at 490 nm 
with an Ultrospec 2000 UY/visible spectrophotometer (Pharmacia Biotech, Sweden). 
Standard curve was prepared using glucose and results expressed as glucose equivalents. 
All measurements were done in duplicate. Total carbohydrate consumption (%) was 
calculated as C (%) = (Ci - ce)/c i x 100, where Ci and Ce are the concentrations of 
carbohydrate in the influent of the MFC and in the effluent of the MFC, respectively. The 
carbohydrate consumption over a specific time period was presented as mean ± SEM, 
where n is the number of samples during that time period, measured in duplicate. The 
theoretical COD (chemical oxygen demand) per unit mass of sucrose in feed was calculated 
as COD, = 8 x (4x + y - 2z)/(l2x + y + 16z) g COD g-l CxHyOz (van Haandel and van der 
Lubbe 2007), where for sucrose: x, y and z are 12,22 and 11, respectively. 
2.8.3 pH and temperature measurements 
The pH of the anodic medium at the end of each batch-cycle and the pH of effluent medium 
of anaerobic sludge MFCs were measured using a Mettler Toledo MP220 pH meter (UK). 
Since the heat caused by direct sunlight was presumed to affect the fuel cell operation, the 
temperature of the area surrounding a multi-layered anode anaerobic sludge MFC (Chapter 
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3) was measured for four days using a Chessell Ltd temperature recorder (Model No. 3010, 
UK). Linear regression analysis of pH over time was performed using GraphPad Prism 
Software. Also the degree to which the power density and the temperature was related was 
determined using correlation analysis (GraphPad Prism) where the Pearson correlation 
coefficient ranges from -1 to +1, 1.0 indicating perfect correlation and -1.0 indicating 
perfect negative or inverse correlation. 
2.8.4 Electrochemical measurements 
MFC voltage was monitored using a 1480 Multistat System (Solartron Analytical, UK) 
controlled by a personal computer with CellTest™ software (Solartron Analytical), or an 
Arbin BT2000 Battery tester (Arbin Instruments, USA) controlled by a personal computer 
with MITS Pro software (Arb in Instruments). The recycled flow batch-mode D. 
desulfuricans MFC (Section 3.4.1) was operated under an external resistance of 700 n 
(constant resistance discharge) for the first 71 h and then the resistance was increased to 
1000 n to decrease the current discharge and prevent the current values approaching zero. 
In order to operate the MFCs close to the power maximum, a current of 50 ~A and 8 ~A, as 
determined from polarization curves, was continuously discharged from recycled flow 
batch-mode D. desulfuricans MFCs (Section 3.4.2 and 3.5.1) and continuous-mode D. 
desulfuricans MFC (Section 3.6), respectively (i.e. tests under galvanostatic control). The 
single- and multi-layer anode MFCs inoculated with anaerobic sludge were operated close 
to the power maximum, under an external resistance of 70 kn and 40 kn, respectively 
(constant resistance discharge), as determined from polarization curves. Polarization curves 
were recorded by using decreasing external resistances or increasing discharging currents 
75 
and measuring the decrease in voltage (Zhao et al. 2009b). Volumetric power density was 
calculated as P = UI/V, where U is the measured voltage, I is the current and V is the liquid 
volume of the anode chamber (He et al. 2006). One-way ANOV A or t-test was performed 
using GraphPad Prism Software to analyse changes in power, current or voltage over time. 
A number of moles of sucrose required for the operation of the batch E. coli MFC with 
sucrose as substrate for one hour at the current level corresponding to the maximum power 
density obtained was calculated as n = C/(Fb), where C = number of Coulombs generated 
in one hour at current corresponding to maximum power, F = Faraday's constant; b = 
number of mol of e- available per mol of sucrose (Liu and Logan 2004). 
In the study of the effect of temperature of power output (Chapter 3), the increase in 
power per IOC increase in temperature was calculated by dividing the total increase in 
power during one day by the total increase in temperature during that day. The average 
result covering all days when temperature was recorded was calculated as mean ± SEM (n 
= 3). 
2.S.5 Electrochemical impedance spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS) was used to measure the ohmic internal 
resistance of continuous-mode D. desulfuricans and anaerobic sludge MFCs. The 
conductivity of the Nation-II5 membrane taken from aD. desulfuricans MFC (Chapter 3) 
after 27 days of operation was also determined via impedance spectroscopy to evaluate the 
effect of membrane fouling. For membrane ionic conductivity test, the Nation proton-
exchange membrane (of area 1.5 cm2) was pressed (400 kg for 3 min at 135°C) (Zhao et al. 
2008) between two carbon cloth electrodes (ELAT A-6, single sided Vulcan XC-72 carbon 
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black powder coating; the powder side was pressed to the membrane) (Slade and Varcoe 
2005) with an area of 0.64 cm2. The carbon cloth/membrane sandwich was kept in distilled 
water for one week prior to the EIS measurements in order to rehydrate the Nation 
membrane. 
Impedance spectra were recorded between the anode and cathode (two-electrode mode) 
with a Solartron Analytical 1260 frequency response analyzer (Solartron Analytical, UK) 
operating with a Solartron Analytical 1287 potentiostat/galvanostat (Solartron Analytical, 
UK) in the frequency range of 10Hz - 1 MHz for D. desulfuricans MFC and membrane 
samples and 0.5 Hz - 1 MHz for anaerobic sludge MFCs and with sinusoidal perturbation 
of 10m V amplitude under open circuit voltage (Zhao et al. 2008). Ohmic internal 
resistance was determined on a Nyquist plot obtained as a point where the impedance 
spectra intersects the X-axis, i.e. the imaginary part (Zlm) of the impedance (Z(co) = ZRe + 
jZlm) is zero (Bard and Faulkner 2001; Logan et al. 2007). 
The ionic conductivity of the membrane was calculated as (J = L/(RA), where L is the 
thickness of the membrane, R is the resistance of the membrane and A is the surface area of 
the carbon cloth electrode (Slade and Varcoe 2005). 
Two replicate EIS measurements were conducted using the same whole fuel cell for 
ohmic internal resistance measurements. Two samples were prepared using the same 
Nation membrane obtained from the MFC, and the EIS measurement was conducted twice 
for each sample. The ohmic internal resistance and the PEM conductivity were expressed as 
the average values obtained from the replicate measurements. Results were shown as mean 
± SEM (n = 4) for membrane measurements. 
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2.8.6 Cyclic voltammetry (CV) 
Cyclic voltammetry was used to study the electrochemical activity of the anodic microbial 
communities. The anode served as working electrode, platinum wire as counter electrode 
and a AglAgCI electrode (BASi, 3.0 mol L-1 NaCI, +0.196 V versus standard hydrogen 
electrode at 25°C) in a sealed chamber was used as a reference. The potential was swept 
from -0.8 V to 0.1 V and back with a scan rate of 10m V S-l using a computer controlled 
Autolab potentiostatlgalvanostat systems (EcoChemie, The Netherlands). CV was 
performed for (i) anode and suspended culture taken from the anode chamber; (ii) the anode 
and fresh MFC medium (0.1 g L-1 sucrose); (iii) and pristine anode and fresh MFC medium 
(0.1 g L-1 sucrose) (Rabaey et al. 2004; Kim et al. 2007b). The volume of the liquid sample 
was 4 mL and the geometric anode surface area was 5 cm2 (consisting of five 1 cm2 layers 
connected together and to the electrical circuit using a Ni/Cr wire). All solutions were 
purged with N2 gas for at least 15 min prior to measurements. 
2.8. 7 Fourier-Transform Raman Spectroscopy 
Fourier-Transform (FT) Raman spectroscopy was used to measure the formation of sulphur 
deposits on the Nafion-115 membrane of a continuous-mode D. desulfuricans MFC 
(Chapter 3). FT -Raman spectra (100-3500 cm- l ) of elemental sulphur, pristine Nafion-115 
membrane and Nafion-115 membrane taken from D. desulfuricans MFC after 27 days of 
operation were measured on a Perkin-Elmer FT/near-IR Raman spectrometer (System 
2000, USA). Membrane or sulphur samples were placed in glass vials for measurement, 
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with several membranes stacked together to ensure a satisfactory signal to noise ratio 
(Danks et al. 2003). 
2.8.8 Scanning electron microscopy (SEM) 
The surface of the anode electrode was visualized by scanning electron microscopy to 
determine microbial attachment and formation of a biofilm on the electrode surface. Anode 
samples with a geometric surface area of 1 cm2 were rinsed with fresh MFC medium to 
remove suspended bacteria and fixed for ~15 min with 2 mL of 1 % glutaraldehyde in 0.1 M 
KH2P04 buffer (pH 7.2). The samples were then washed three times with Milli-Q water (2 
mL) and dehydrated by immersion in a series of 2 mL ethanol solutions of increasing 
concentration (25%, 50%, 70%, 85%, 95% and 100%, v/v) for 5 min each (Kinnunen and 
Puhakka 2004; Liu and Logan 2004). The dehydrated samples were incubated in 
hexamethyldisilazane for 5 min and air-dried prior to coating with gold (Kinnunen and 
Puhakka 2004). SEM was performed in a Hitachi S-3200N Scanning Electron Microscope 
(Japan) operated at 15 kV by Materials Surfaces & Structural Systems unit (Faculty of 
Engineering & Physical Sciences, University of Surrey). 
2.8.9 Energy-Dispersive X-ray (EDX) 
A Hitachi S2300 SEM with an EDX detector was used for elemental analysis ofNafion and 
cathode taken from an anaerobic sludge MFC. EDX analysis was kindly performed by Dr 
F. Zhao (University of Surrey). 
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2.9 Analysis of microbial communities 
The microbial communities were characterized by Denaturing Gradient Gel Electrophoresis 
(DGGE) analysis of Polymerase Chain Reaction (PCR)-amplified genes coding for partial 
16S rRNA. PCR products of partial 16S rRNA gene fragments obtained from DGGE bands 
were subsequently sequenced for species identification. 
2.9.1 Sample preparation and DNA extraction for PCR-DGGE 
Bacteria and archaea in the anode biofilm and suspension (except MFCs A and B, Chapter 
6) of anodic chamber were characterized by Denaturing Gradient Gel Electrophoresis 
(DGGE) of PCR-amplified genes coding for partial 16S rRNA. Duplicate anode samples 
(~1 cm2) from tubular MFCs were frozen upon sampling and kept on ice until delivery. The 
samples were stored at -80DC until DGGE analysis. Total DNA was extracted directly from 
either a sample of anode electrode (approximately 1 cm2), 1 mL of anode suspension, or 
200 mg of anaerobic sludge inoculum, using FastDNA Spin Kit for Soil (MP Biomedicals, 
UK). Prior to DNA extraction, the anode suspension and anaerobic sludge samples were 
centrifuged (l 0, OOOg, 5 min; Eppendorf Centrifuge 5415 R, UK), washed three times with 
1 mL PBS (phosphate-buffered saline; 8.0 gel NaCI, 0.2 g L-1 KCl, 1.15 g L-1 Na2HP04, 
0.2 g L-1 KH2P04, pH 7.3; Oxoid, UK) and resuspended in 100 ilL of nuclease-free water 
(Promega, UK). The sample, 978 ilL of sodium phosphate buffer and 122 ilL of MT buffer 
were added to a 2 mL tube containing lysing matrix (a mixture of ceramic and silica 
particles) and the tube processed in FastPrep instrument (MP Biomedicals, UK) for 30 s at 
speed 5.5, followed by centrifuging at 14,000 x g for 30 s. All the following centrifugations 
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were done using the same speed. The supernatant was transferred to a clean tube, 250 f..lL of 
protein precipitation solution reagent added, and the tube mixed by shaking by hand 10 
times, followed by centrifuging for 5 min to pellet the precipitate. The supernatant was 
transferred to a clean 15 mL tube. The binding matrix suspension was re-suspended by 
shaking by hand and 1 mL of the binding matrix was added to the supernatant. The tube 
was inverted by hand for 2 min to allow binding of DNA to matrix and left to stand for 3 
min to allow settling of silica matrix. 500 f..lL of the supernatant was removed and discarded 
and the binding matrix re-suspended in the remaining amount of supernatant. 600 f..lL of the 
mixture was transferred to a spin filter in a separate tube and centrifuged for 1 min. The 
catch tube was emptied and the procedure was repeated twice. 500 f..lL of salt/ethanol wash 
solution was added to the spin filter and centrifuged for 1 min. The flow-through was 
decanted and the spin filter replaced in the catch tube, followed by centrifuging for 2 min to 
"dry" the matrix of residual salt/ethanol wash solution. The spin filter was removed, placed 
in a fresh catch tube and air-dried for 5 min at room temperature. To elute the DNA, 50 f..lL 
of DNase/pyrogen free water was added and the matrix gently stirred on filter membrane 
with a pipette tip to re-suspend the silica for efficient elution of the DNA. The DNA was 
eluted in a catch tube by centrifugation for 1 min and stored at -20°e. 
2.9.2 peR for bacteria 
The partial bacterial 16S rRNA genes (550 bp) were amplified using bacteria-specific 
forward primer 341F (E. coli 16S rRNA positions 341-357) (Muyzer et al. 1993) and 
universal reverse primer 907R (E. coli 16S rRNA position 907-926) (Muyzer et al. 1996) 
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(Table 2.1). A GC-clamp was added to the forward primer at the 5' -end to stabilize the 
melting behaviour of the DNA fragments in the DGGE (Muyzer et al. 1993) (Table 2.1). 
Table 2.1 Target positions of the PCR primers for bacteria 
Primer! Position2 Sequence (5' to 3') Target Reference 
341F 341-357 CCT ACG GGA GGC AGC AG Bacteria Muyzer et 
al. 1993 
GC3_ CGC CCG CCG CGC GCG GCG GGC Muyzer et 341-357 GGG GCG GGG GCA CGG GGG Bacteria 341F GCC TAC GGG AGG CAG CAG al. 1993 
907R 907-926 CCG TCA ATT CCT TTR AGT TT Universal Muyzer et 
al. 1996 
1 F and R correspond to forward and reverse primer, respectively. 
2 according to nucleotide numbering of E. coli. 
3 GC is a 40-nucleotide GC-rich sequence, called GC clamp, attached to 5' end of the 
primer 341F 
PCR reaction mixtures contained 1 x Taq PCR buffer (10 mM Tris-HCI, 1.5 mM MgCb, 50 
mM KCI, pH 8.3 at 20°C), 200 ~M dNTP, 0.2 ~M each primer, 0.025 U ~L-l of Taq DNA 
polymerase (Roche, UK), 400 ng ~L-l of bovine serum albumin (BSA, Fermentas, Canada) 
and nuclease-free water (Promega, UK) to a final volume of 50 ~L, to which 1 ~L of 
template was added. PCR was carried out using a GeneAmp PCR System 9700 (PE 
Applied Biosystems, USA) with the following amplification program: initial denaturation 
at 95°C for 5 min; 25 cycles of denaturation at 94°C for 0.5 min, annealing at 50°C for 1 
min and extension at 72°C for 2 min; followed by final extension at 72°C for 7 min. The 
PCR products were analysed by gel electrophoresis through a 1 % (wt/v) agarose gel stained 
with GelRed (Cambridge Bioscience, UK) by incorporating 5 ~L of 10 OOOx water-based 
stock reagent to a 80 mL agarose gel (product protocol; Biotium, USA). 
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2.9.3 peR for archaea 
A nested-PCR approach was used for amplifying partial archaeal 16S rRNA genes. First 
PCR amplification (933 bp) was performed using archaea-specific primers ArUn4f (E. coli 
16S rRNA positions 8-25) (Jurgens et al. 2000) and Ar958r (E. coli 16S rRNA positions 
958-967) (Jurgens et al. 2000) (Table 2.2). The second amplification (618 bp) using the 
product of the first round ofPCR was done with archae a-specific primers GC-ArchV3f (E. 
coli 16S rRNA positions 340-357) (0vreas et al. 1997), including a GC-clamp, and Ar958r 
(Table 2.2). 
T bl 22 T a e . t arge POSI Ions 0 fth PCR e pnmers h or arc aea. 
Primerl Position2 Sequence (5' to 3') Target Reference 
ArUn4f 8-25 TCY GGT TGA TCC TGC CRG Archaea Jurgens et al. 2000 
Ar958r 958-967 YCC GGC GTT GAV TCC AAT T Archaea Jurgens et al. 2000 
GC3_ CGC CCGCCGCGC GCGGCGGGC 0vreas et al. 
ArchV3f 340-357 GGG GCG GGG GCA CGG GGG GCC 
Archaea 1997 CTA CGG GGY GCA SCA G 
1 F and R correspond to forward and reverse primer, respectively. 
2 according to nucleotide numbering of E. coli. 
3 GC is a 40-nucleotide GC-rich sequence, called GC clamp, attached to 5' end of the 
primer 341F 
Similar peR reaction mixtures were used for archaeal PCR as described for bacteria 
(Section 2.9.2), with the exception that BSA was excluded in the first round ofPCR and 0.5 
JlL of the product of the first PCR was used as template in the second round of PCR. The 
amplification program for the first PCR was as follows: initial denaturation at 95°C for 4 
min; 41 cycles of denaturation at 92°C for 1 min, annealing at 57°C for 1 min and extension 
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at 72°C for 2 min; followed by final extension at 72°C for 7 min. The second PCR was 
performed using the following program: 94°C for 1 min; 25 cycles of 92°C for 1 min, 61°C 
for 1 min and 72°C for 2 min; followed by 72°C for 7 min. The PCR products were 
analysed by gel electrophoresis as described in section 2.9.2. 
2.9.4 DGGE 
DGGE was performed with an INGENY phorU system (Ingeny International BV, The 
Netherlands) using 8% (w/v) polyacrylamide gels (acrylamide:bisacrylamide, 37.5:1, gel 
stock solution; Sigma, USA) in 1 x T AE (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, 
pH 8.3), containing 0.04% (wt/v) APS (ammonium persulfate; Sigma) and 0.02% (v/v) 
TEMED (N,N,N' ,N'-tetramethylethylenediamine; Sigma)]. The denaturing gradient ranged 
from 40% to 70% (100% denaturant contains 7 M urea and 40% (v/v) formamide), with the 
exception of a 30% - 80% gradient in the study of the effect of acclimatised inoculum 
(Chapter 4), and a 40% - 60% gradient in the DGGE of both reactors A and B (Chapter 6). 
The following modification was made to the manufacturer's method: in the polymerisation 
step, 3 mL of isopropanol was added on the top of the gradient gel to make the surface of 
the gel smoother. After polymerization (2 h), the isopropanol was removed and 5 mL of the 
stacking gel (8% (wt/v) polyacrylamide in 1 x TAE, containing 0.2% (wt/v) APS and 
0.06% (v/v) TEMED) was cast on the gradient gel (Dopson et al. 2007) and let to 
polymerize for 30 min. 
The gels were run in 1 x T AE at 60°C with 100 V for 21 h and stained for 1 h in 3 x 
GelRed solution (Cambridge Bioscience, UK) (product protocol; Biotium, USA) containing 
0.1 M NaCl. The gel was washed with 1 x TAE for 10 min and visualized under UV-light. 
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A mixture of partial 16S rRNA genes of known bacteria, used as a standard in DGGE, was 
prepared using bacterial DNA of single species obtained from previous DGGE gel bands as 
described below (2.9.5) and the PCR products were combined. 
The DGGE gels were analysed using image analysis software (GeI2k, v. 1.2.0.6; 
Norland 2004; http://folk.uib.no/nimsn/geI2k/) that estimates the relative position and area 
of peaks in a lane. The relative abundance of species in the communities was calculated by 
dividing the peak area of a band by the sum of peak areas of all bands (excluding chimeras, 
see 2.9.5) in a lane. Bands were correlated with bacterial strains by DNA sequence analysis 
as described in section 2.9.5. Correlation analysis of the relative abundances of bacterial 
species and the power density or voltage over time was performed using GraphPad Prism. 
The profiles of samples taken at different time points from a MFC and the profiles of 
replicate MFCs were compared by cluster analysis (MVSP, Multi-Variate Statistical 
Package, v. 3.13b; Kovach Computing Services, UK) with Jaccard coefficient (EI 
Fantroussi et al. 1999; Roling et al. 2000; Diez et al. 2001) for the construction of similarity 
matrices and UPGMA (Unweighted Pair Group Method with Arithmetic mean) clustering 
algorithm (Roling et al. 2000; Ibekwe et al. 2001; Koskinen et al. 2007) for the construction 
of dendrograms. Band matching table where bands are divided into classes, and where an 
individual band can have two states, present or absent, was obtained from Gel2k analysis. 
This matrix consisting of binary data (l = 'presence of a band' or 0 = 'absence of a band') 
was imported to MVSP. The band matching table was also used in Principal Component 
Analysis (PCA) (Gucht et al. 2001; Boon et al. 2002; Fry et al. 2006; Xing et al. 2009b) 
within MVSP to compare community profiles. 
85 
The range-weighted richness (Rr) was derived from DGGE patterns of bacterial anodic 
biofilm and suspended culture communities over time and calculated as Rr = N2 x D g, 
where N is the total number of bands in the pattern (lane) and Dg is the denaturing gradient 
between the first and the last band of the pattern (Marzorati et al. 2008). 
The structure of the bacterial communities (species distribution) was graphically 
represented as Pareto-Lorenz evenness curves based on the DGGE profiles (Marzorati et al. 
2008). For each lane, the bands were ranked from high to low according to their intensities 
and the results plotted using the cumulative proportion of bands as x-axis and the 
cumulative proportion of band intensities as y-axis (Marzorati et al. 2008). The more the 
curve deviates from the 45° diagonal line (theoretical perfect evenness), the less even the 
community is considered to be. The curves were numerically interpreted by scoring the y-
axis projection of their respective intercepts with the vertical 20% x-axis line. The results 
for each MFC were shown as mean ± SEM of scores at different time points. 
2.9.5 Sequencing and phylogenetic analysis of DNA fragments of DGGE bands 
Bands were excised from the gels with a sterile scalpel, eluted in 20 ilL of nuclease-free 
water at 4°C overnight and stored at -20°C (Dopson et al. 2007; Koskinen et al. 2007). 
Aliquots (2 ilL) were re-amplified by PCR for sequencing using bacterial primers 341F and 
907R or archaeal primers ArchV3f and Ar958r, without the GC-clamp in the forward 
primers. The PCR reaction mixtures and PCR programs were as described above with the 
exception that no BSA was added and the nested archaeal PCR consisted of 32 cycles 
instead of25. 
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The size and amount of PCR products were analysed using a MassRuler DNA Ladder 
standard (Fermentas, Canada) in gel electrophoresis as described in section 2.9.2. The PCR 
products were purified using QIAquick PCR Purification Kit (Qiagen, UK). All the 
centrifugation steps were carried out at 17,900 x g. Buffer PBI was added to the PCR 
sample at a volume ratio of 5:1 and mixed. To bind DNA, the sample was applied to a 
QIAquick column in a 2 ml collection tube and centrifuged for 1 min. The flow-through 
was discarded and the column placed back into the same tube. To wash, 0.75 mL of Buffer 
PE was added to the column and centrifuged for 1 min. The flow-through was discarded 
and the column placed back into the same tube. The column was centrifuged for an 
additional 1 min and placed in a clean 1.5 mL tube. To elute DNA, 35 ilL of Buffer EB (10 
mM Tris-CI, pH 8.5) was added to the centre of the membrane and the column was let to 
stand for 1 min and then centrifuged for 1 min. The purified DNA was stored at -20°C. 
The PCR products were sequenced at GATC Biotech, Germany. Some samples could 
not be sequenced as a result of overlapping bands or because of picking up other DNA than 
that of a desired band when excising bands from the gel, and therefore the DNA in these gel 
bands was re-amplified by PCR as described earlier in this section and bands separated with 
a narrower denaturing gradient on a DGGE gel (Gafan and Spratt 2005; Green 2006). 
The sequence data was analysed with BioLign software v. 4.0.6.2 (Hall 2005; 
http://www2.maizegenetics.netibioinformatics). For species identification the sequences 
were compared to known 16S rRNA sequences III the GenBank database 
http://www.ncbi.nlm.nih.gov/blast/). Possible chimeras were detected using Chimera 
detection software v. 2.7 (Cole et al. 2003) and Pintail software (v. 1.1; Ashelford et aL 
2005). The sequences were aligned and phylogenetic trees constructed with ARB program 
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package (Ludwig et al. 2004) usmg distance matrix and neighbour joining algorithm 
(Saitou and Nei 1987). The observed clusters in a tree were validated by bootstrap analysis 
(Felsenstein 1985). Bootstrapping involves a creation of new data sets from the original 
data by random resampling ofn nucleotide sites (n = total number of nucleotide sites) in the 
alignment with replacement, the resulting data set having the same species than the original 
but some nucleotide sites being left out and some others being duplicated. This 
bootstrapping process was repeated 1,000 times (i.e. 1,000 bootstrap trees created) and a 
consensus tree constructed. The percentage of bootstrap trees that supported an individual 
group to the right of the node was presented for each node (except when the bootstrap value 
was ~ 99%). 
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Chapter 3 Electricity production in microbial fuel cells 
using E. coli, D. desulfuricans and a complex microbial 
community 
3.1 Chapter overview 
In the work described in this chapter a microbial fuel cell was developed for simultaneous 
power generation and treatment of artificial wastewater, which would also be suitable for 
later studies of microbial communities of MFCs (Chapters 4-6). A simple small-scale 
single-chamber MFC with an air-breathing cathode was selected for practicality, yet 
allowing the possibility for scale-up and/or the use of multiple MFCs in series and parallel 
for increased performance (Aelterman et al. 2006; Ieropoulos et al. 2008). Air diffusion 
cathodes require no aeration and would also be preferred in practical applications such as 
wastewater treatment. 
Initially the MFC setup was tested with cultures of single bacterial species, followed by 
a complex microbial community. In order to be able to compare our MFC system to those 
reported in literature, the following three different types of inoculum was selected: the 
facultative anaerobe E. coli, the obligate anaerobe sulphate-reducing bacterium D. 
desulfuricans and a mixed community, originating from anaerobic digester sludge. Single 
species of E. coli and D. desulfuricans were studied in a simple batch-fed setup where 
bacteria remained in the anodic chamber throughout the time course of the experiment. In 
order to improve the stability of the power output of the MFC, D. desulfuricans was 
subsequently studied in recycled flow batch-mode with continuous recycling of the culture 
between the MFC and an anaerobic reservoir flask. In this system, the bacterial cells in the 
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reservoir flask were periodically harvested, centrifuged down and resuspended in fresh 
medium, and returned to the flask. 
A more convenient MFC set-up, easier to operate in long-term was used to investigate 
whether continuous higher power generation could be obtained. The MFC was inoculated 
with either D. desulfuricans or with sludge obtained from an anaerobic digester, and its 
performance was analysed in continuous-mode with constant feeding with artificial 
wastewater medium and continuous discharge of the effluent. The anode size was also 
increased to form a multi-layer anode setup to achieve higher power densities by increasing 
the surface area available for microorganisms to attach. Anodes presenting larger surface 
areas would be advantageous for studies where sampling at several time points is required, 
such as the analysis of the dynamics of anodic microbial communities. 
The changes observed in the Nafion membrane and the cathode during the operation of 
D. desulfuricans MFCs led to studying of the effect of membrane and cathode fouling on 
power output. 
The effect of feed sucrose concentration on the power output of anaerobic sludge 
MFCs was investigated in four continuous-mode MFCs with different sucrose 
concentrations. 
The MFCs were subjected to temperature fluctuations that may have affected their 
performance. Therefore the effect of the temperature on the power density was also 
investigated. 
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3.2 Power generation in batch-mode E. coli MFCs 
MFCs inoculated with E. coli were used to study the effect of electron transfer via an 
artificial electron mediator (methylene blue) on power output. E. coli studied in batch-mode 
with sucrose as substrate, in the presence or absence of methylene blue, produced 
maximum power densities of 2.0 W m-3 and 0.1 W m-3 and maximum currents of 0.04 rnA 
and 0.01 rnA, respectively (Figure 3.1). Power densities and currents were considerably 
lower in control experiments using uninoculated MFCs than those observed in MFCs 
inoculated with E. coli (Figure 3.1). A hypothetical number of moles of sucrose required 
for the operation of the E. coli MFC for one hour at the current (0.02 rnA) corresponding to 
the maximum power density obtained was 1.5x10-8 which is two orders of magnitude lower 
compared to the number of moles of sucrose present in the anodic chamber in the beginning 
of the experiment (8.8 x 1 0-6 mol). This result indicates that only a fraction of the electrons 
available from sucrose was captured as electricity. 
The next step was to study the power generation capability of the MFCs using a 
different type of bacterium, a sulphate-reducing D. desulfuricans. Since no artificial 
mediators were required for the operation of D. desulfuricans MFC, D. desulfuricans was 
also selected for further studies with single bacterial species as inoculum. 
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Figure 3.1 (A) Power density and (B) voltage as a function of current for a single-chamber 
batch-mode E. coli MFC, in the presence or absence of the electron carrier, methylene blue 
(MB); E. coli with MB (e), E. coli without MB (_), control with MB (x) and control 
without MB (0). 
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3.3 Power generation in batch-mode D. desulfuricans MFCs 
The ability of D. desulfuricans to transfer electrons via its terminal electron acceptor 
(SOl-) to an anodic electrode was investigated. The power output of three simultaneous D. 
desulfuricans MFCs with lactate as substrate increased during the initial 24 h period, 
staying approximately constant for the next 44 h (for one-way ANOYA; p = 0.27, n = 3) 
and decreasing during the final 67 h (Figure 3.2). Although lactate and sulphate were 
spiked into the anodic chamber at time points 18 h, 42 hand 66 h during the operation of 
the batch-mode D. desulfuricans MFCs, current density values declined after 24 h of 
operation (for one-way ANOYA; p = 0.01, n = 3) (Figure 3.2). Maximum average power 
density and current of 7.3 ± 0.5 W m-3 and 0.44 ± 0.03 rnA, respectively, were obtained 
(Figure 3.2). Taking into consideration the spiking with lactate during the MFC operation, 
(79 ± 0.2) % of lactate was consumed in the MFCs during the time-course of the 
experiments. The control test measured after 1 h of operation showed considerably lower 
maXImum current and power densities of 0.18 W m-3 and 0.005 rnA, respectively, 
indicating that the power was generated due to the activity of the microorganisms. 
However, the power and current decreased over time towards the end of the experiment, 
probably due to settling down of bacterial cells in this non-mixed system or the loss of 
activity of the anaerobic D. desulfuricans bacterium due to the diffusion of air through 
Nafion. 
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Figure 3.2 Maximum power density (e) and current (0) curves of three simultaneous 
batch-mode D. desulfuricans MFCs. Data shown as mean ± SEM (n = 3). 
3.4 Power generation in recycled flow batch-mode D. desulfuricans 
MFCs 
In an attempt to improve the stability of the power output of the D. desulfuricans MFC, D. 
desulfuricans was studied in batch-mode with flow of the culture through the anodic 
chamber and with recycling of the culture between the MFC and a reservoir. The recycled 
flow setup aimed at keeping the bacteria suspended and enhancing the attachment of 
bacteria on the anode, and keeping the MFC conditions anaerobic. The settling down of 
bacterial cells in the anode chamber without mixing, or the loss of activity of the anaerobic 
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D. desulfuricans bacteria due to the diffusion of air through Nafion was thought to be the 
reason why power and current decreased in batch-mode MFC (Figure 3.2). Direct mixing 
would not have been adequate due to the type of reactor setup. The new setup was 
considered to be more anaerobic since a reservoir flask could be purged with N2 and 
anaerobic culture would be continuously flowing to the anode chamber. Utilization of a 
reservoir flask would also allow the treatment of larger volumes of artificial wastewater at 
one time. 
3.4.1 Recycled flow batch-mode D. desulfuricans MFC at room temperature 
When D. desulfuricans was studied at room temperature (21-22°C), a maximum power 
density of 4.5 W m-3 was achieved after 2.5 h of operation but the maximum power density 
gradually decreased thereafter to the level of the control MFC in which medium without 
any bacteria was employed (Figure 3.3). This result showed that the attempts to keep 
bacteria in suspension and enhance bacterial attachment on anode by providing a flow 
through anodic chamber or to provide more anaerobic conditions in the anodic chamber 
were not enough to prevent the decrease of the power output over time. 
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5,---------------------____________ ~ 
Tirre (h) 
Figure 3.3 Maximum power versus time plots of recycled flow batch-mode D. 
desulfuricans MFC (e) and control MFC without bacteria (.) operated at room 
temperature. The arrows indicate the replacement of the medium in the reservoir flask. 
3.4.2 Recycled flow batch-mode D. desulfuricans MFC at 30°C 
Since the recycled flow batch-mode D. desulfuricans MFC operated at room temperature 
showed decreasing power density over time, the following MFC was operated at 30°C 
which is closer to the optimum growth temperature of this species. This was done to make 
sure that the lack of stable power production activity was not caused by non-optimal growth 
conditions of bacteria. 
When operated at 30°C, the maximum power density of the recycled flow batch-mode 
D. desulfuricans MFC was 14 W m-3 after 1 h of operation, decreasing to 1.3 W m-3 at the 
end of the experiment (at 95 h) (Figure 3.4), indicating that the non-optimal growth 
temperature of bacteria did not cause the power drop over time. 
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Figure 3.4 Maximum power density versus time plot of the recycled flow batch-mode D. 
desulfuricans MFC operated at 30°C. Arrows indicate the replacement of the medium in the 
reservoir flask. 
3.5 Fouling of Nation membrane of D. desulfuricans MFCs 
3.5.1 Effect of fouling of Nation membrane on power output 
Since the power density of the recycled flow batch-mode D. desulfuricans MFCs decreased 
over time and the Nation membrane and the cathode was observed to get some yellow-
white colouring during the operation of MFCs, the effect of fouling of the Nation 
membrane and the cathode electrode on the power output was investigated. Four recycled 
flow batch-mode D. desulfuricans MFCs were studied simultaneously and after 15 h of 
operation the MFC voltage values were 0.37 - 0.48 V, decreasing gradually to 0.20 - 0.28 
V by 37 h (Figure 3.5a). These values were higher compared to the control test without 
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bacteria where the voltage gradually decreased during the first 9 h and current could no 
longer be continuously discharged (Figure 3.Sa). After 37 h of operation the following parts 
were replaced in MFCs: cathode, Nafion membrane, and Nation membrane and cathode. In 
the control MFC no components were changed. Only in the MFCs where Nafion or Nafion 
and cathode were replaced, the voltage values returned to their previous maximum level for 
the following 15 h, followed by a gradual decrease in voltage. Voltage and power curves 
were recorded 15 min after replacing the components. Replacement of Nafion membrane, 
Nafion and cathode, or cathode or making no changes lead to the maximum power densities 
of 15 W m-3, 14 W m-3, 2.5 W m-3 and 1.9 W m-3, respectively, and the currents of 0.8 rnA, 
0.7 rnA, 0.15 rnA and 0.1 rnA, respectively (Figure 3.Sb), indicating that the fouling of the 
Nation membrane had the greatest effect on power output. 
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Figure 3.5 CA) Voltage versus time plots and CB) voltage Copen symbols) and power 
density Cfilled symbols) as a function of current for four simultaneous recycled flow batch-
mode D. desulfuricans MFCs recorded 15 min after the following parts were replaced: 
cathode ce), Nafion membrane C.), and Nafion membrane and cathode (-). An MFC 
where no changes were made was used as the control (A). The voltage versus time plot of 
the control without bacteria (Section 3.4) is also shown in Fig. A. Replacements for 
components were made where an arrow indicates. 
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3.5.2 FT -Raman spectroscopy 
FT-Raman spectroscopy was used to detect possible sUlphur deposits formed on the surface 
and/or inside the Nafion membrane as suggested by yellow colour patches observed in the 
membrane. FT-Raman spectra for sulphur, for a pristine Nafion-IIS membrane and for the 
Nafion-IIS membrane taken from a continuous-mode D. desulfuricans MFC (Section 3.6) 
after 27 days of operation are shown in Figure 3.6. The sulphur sample showed two main 
peaks at 220 cm-! and 470 cm-!, which were also observed in the Nafion membrane taken 
from the MFC. This result indicates that the fouling of the proton exchange membrane by 
sulphur occurs in an MFC where a sulphate-reducing bacterium is present in the anodic 
chamber and where the feed contains sulphate. 
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Figure 3.6 The FT-Raman spectra of (A) Nafion-llS membrane taken from continuous-
mode D. desulfuricans MFC after 27 days of operation, (B) sulphur and (C) Nation-lIS 
membrane. 
100 
3.5.3 Electrochemical impedance spectroscopy 
The conductivity of the Nafion-11S membrane taken from the continuous-mode D. 
desulfuricans MFC (Section 3.6) after 27 days of operation was determined via impedance 
spectroscopy to evaluate the effect of membrane fouling. The Nafion membrane had a 
resistance of4.4 ± 0.08 n (Figure 3.7) with a conductivity of5.4 ± 0.1 mS cm- I . 
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Figure 3.7 Impedance spectra (Nyquist plot) of the Nafion-llS membrane taken from the 
continuous-mode D. desulfuricans MFC (two membrane samples were prepared; two EIS 
measurements for each sample are indicated as circles or triangles). The x-axis and y-axis 
represent the real part (ZRe) and the imaginary part (Zlm) of the impedance, respectively 
(Bard and Faulkner 2001). The ohmic internal resistance is obtained as a point where the 
impedance spectrum intersects with the X-axis. 
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3.6 Power generation in continuous-mode D. desulfuricans and 
anaerobic sludge MFCs 
To investigate whether continuous higher power generation could be obtained in this 
single-chamber MFC setup, its performance was analysed in continuous-mode with 
constant feeding with artificial wastewater medium and continuous discharge of the 
effluent and with either D. desulfuricans or anaerobic digester sludge as inoculum. This 
MFC setup was also easier to operate in long-term than the recycled flow batch-mode MFC 
setup which required periodical removal of bacterial suspension of the reservoir flask and 
replacement of the medium. 
The continuous-mode MFC reached a maximum power density of 0.28 W m-3 and 0.38 
W m-3 when using D. desulfuricans and the anaerobic sludge, respectively (Figure 3.8a). 
When the geometric surface area of the anode was increased 5-fold, a higher power density 
of 1.0 W m-3 and a maximum current of 0.065 rnA was obtained (Figure 3.8) with this 
setup. A control MFC inoculated with anaerobic sludge but without sucrose showed power 
densities and currents close to zero (Figure 3.8). 
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Figure 3.8 (A) Power density and (B) voltage as a function of current for, a continuous-
mode D. desulfuricans MFC (.), and for a single-layered (e) and a multi-layered (A) 
anode MFC inoculated with anaerobic sludge. A single-layered anode MFC with anaerobic 
sludge but with no sucrose was used as the control (-). 
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The maximum power density of the MFC inoculated with anaerobic sludge varied between 
0.4 - 1.0 W m-3, whereas in the D. desulfuricans MFC it was around 0.17-0.28 W m-3 
(Figure 3.9a). There was a decrease in the maximum power density after day 33 in multi-
layered anode anaerobic sludge MFC. Total carbohydrate consumption by the mixed anode 
community was (65 ± 3.4) % during the first 27 days of continuous-mode operation and 
then near to complete during the last 15 days of operation: (92 ± 2.1) % (Figure 3.9b). 
Lactate consumption by D. desulfuricans in continuous-mode after 10 days was (42 ± 1.5) 
% (Figure 3.9ct. The drop in the lactate concentration of the effluent observed at day 19 
(Figure 3.9c) can be explained by the lack of feeding with lactate during previous day - the 
MFC had been left in batch-mode for one day at day 18. During the batch-mode operation, 
the MFC voltage increased from 0.18 V to 0.27 V (Appendix II). At the end of the 
continuous-mode tests with D. desulfuricans, the formation of yellow deposits in Nafion 
membrane was further investigated by FT-Raman spectroscopy (Section 3.5.2). 
a The time point of 19 days was excluded from the lactate consumption calculation since the MFC had been 
left in batch-mode for one day at day 18. 
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Figure 3.9 (A) Peak power density versus time plots of a multi-layered anode continuous-
mode MFC inoculated with anaerobic sludge (.) and a continuous-mode D. desulfovibrio 
MFC (~). (B) Total carbohydrate and (C) lactate concentration of influent (e) and effluent 
(0) (measured in duplicate) of the multi-layered anode anaerobic sludge MFC and D. 
desulfitricans MFC, respectively. 
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3.7 Electrochemical impedance spectroscopy of D. desulfuricans MFC 
and anaerobic sludge MFC 
Impedance spectroscopy can be used to measure the ohmic internal resistance (electrode, 
membrane, interconnections and electrolyte resistances) of MFC in order to determine to 
which extent ohmic losses limit the power generation and if required, to reduce the ohmic 
losses by modifying the MFC configuration. Impedance spectroscopy was used to measure 
the ohmic internal resistance of continuous-mode D. desulfuricans MFC and anaerobic 
sludge MFC (with multi-layered anode). The ohmic internal resistances of the anaerobic 
sludge MFC and D. desulfuricans MFC were 9.8 nand 49 n on average, respectively 
(Figure 3.10). 
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Figure 3.10 Impedance spectra (Nyquist plot) of (A) continuous-mode D. desulfuricans 
MFC and (B) MFC inoculated with anaerobic sludge. Two repeat EIS measurements for the 
same fuel cell are shown. The x-axis and y-axis represent the real part (ZRe) and the 
imaginary part (Zlm) of the impedance, respectively (Bard and Faulkner 2001). The ohmic 
internal resistance is obtained as a point where the impedance spectrum intersects with the 
X-axis. 
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3.8 Effect of feed sucrose concentration on power generation 
Sucrose concentrations of 0.05 (MFCl), 0.1 (MFC2) and 0.2 g L-1 (MFC3) were used to 
study the effect of feed sucrose loading on power output in continuous-mode anaerobic 
sludge MFCs, and were compared with a control MFC with no sucrose added to the 
medium (MFC4). At day 21 the maximum power densities of MFCl, MFC2 and MFC3 
were 0.06, 0.28 and 0.11 W m-3, respectively, and had decreased slightly by day 26 (Figure 
3. 11 a). In the control MFC, the power density remained constant at a value close to zero 
during the time course of the experiment. From day 18 onwards, the total carbohydrate 
consumption was (58 ± 11) %, (98 ± 0.4) % and (97 ± 1.3) % in MFCl, MFC2 and MFC3, 
respectively (Figure 3.11 b). The high concentration of sucrose in the effluent of MFC2 on 
day 8 could be due to the remaining sucrose from the batch-mode operation since the 
continuous-mode was started only one day before sampling for the sucrose analysis. 
Bacteria had not yet consumed all the substrate present in batch-fed mode operation (5 giL 
of sucrose after media replacement) to the level of the sucrose concentration of the feed of 
the continuous-mode operation (0.1 gIL). 
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Figure 3.11 (A) Maximum power density and (B) total carbohydrate concentration of 
influent (filled symbols) and effluent (open symbols) ofMFCs fed with 0.05 g L· I (_),0.1 
g L· I (A) and 0.2 g L· I (e) of sucrose (measured in duplicate). No sucrose was added to the 
medium of control MFC (+). 
109 
3.9 Effect of temperature on power output 
The MFCs tested in the experiments described in this work were not subjected to 
temperature control. Therefore, changes in the temperature of the environment where these 
experiments were carried out would have affected the performance of the MFCs. The effect 
of temperature fluctuations on power density was studied to investigate the effect of 
changes in ambient temperature. The comparison of the power output of a multi-layered 
anode MFC inoculated with anaerobic sludge and the air temperature showed a positive 
correlation coefficient ofr = 0.48 (p < 0.0001). The power output followed the fluctuations 
in the air temperature, increases in temperature of 8, 7 and 11 % leading to increases in 
power density of 20,25 and 26%, respectively (days 22, 23 and 24 in Figure 3.12a). The 
increase in power density showed a lag of between 14 and 72 min after the temperature 
started rising. However, the effect of temperature on power density was not linear, higher 
temperatures showing larger increases in power (Figure 3.12b). In order to compare with 
other studies, an increase of (13 ± 1. 6) % or 30 ± 3.3 m W m -3 in power per 1°C increase in 
temperature was calculated on average from the peaks of temperature and power plots on 
days 22, 23 and 24 (Figure 3.12a). 
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Figure 3.12 (A) The effect of air temperature fluctuations (dashed line) on power density 
(solid line) of a multi-layered anode MFC inoculated with anaerobic sludge. (B) The 
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3.10 Discussion 
In this work, a microbial fuel cell was developed for simultaneous power generation and 
treatment of artificial wastewater. E. coli, D. desulfuricans or anaerobic digester sludge 
were used as inoculum in order to evaluate the power generation capability of our MFC 
system to those previously reported. In attempt to improve the power density and the 
stability of the system, the initial simple batch-fed MFC setup was modified to a recycled 
flow batch-mode setup and finally to a continuous-mode setup. 
3.10.1 Power generation in batch-mode E. coli and D. desulfuricans MFCs 
Power densities and currents were considerably lower in experiments of uninoculated 
MFCs than those observed in MFCs inoculated with either E. coli or D. desulfuricans, 
indicating that the power output was due to the activity of the microorganisms (Figure 3.1 
and Section 3.3). The presence of an electron shuttle (methylene blue) improved the peak 
power density by an order of magnitude in a batch-mode E. coli MFC (Figure 3.1a). The 
maximum power density of 2.0 W m-3 and current of 0.04 rnA obtained using E. coli 
compare well with the previously reported studies (power densities calculated here per 
liquid volume of the anode chamber). Average power and current densities of 0.89 W m-3 
and 0.04 rnA were generated using E. coli with methylene blue as mediator and sucrose as 
substrate in a two-chambered MFC with a ferricyanide cathode (Ieropoulos et al. 2005). E. 
coli with lactate, peptone and yeast extract as substrate in a single-chamber MFC with a 
woven graphite anode modified with covalently linked neutral red mediator and Fe3+_ 
graphite air-cathode produced an approximate power density of 1.2 W m-3 and 1.5 rnA 
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(Park and Zeikus 2003). More recently a maximum power density of 0.65 W m-3 using E. 
coli without any added mediators was shown in a two-chamber MFC with polyaniline-
titanium dioxide composite anode and ferricyanide cathode (Qiao et al. 2008). Also a 
mediatorless single-chambered E. coli-based MFC with an air-diffusion cathode showed a 
maximum power density of 20 W m-3 when operated at 33°C (Zhang et al. 2006). 
Performance of this E. coli MFC was significantly enhanced through a long acclimation 
process i.e. by repeated cultivation of bacteria and the pumping of the culture through the 
anode chamber of the fuel cell. 
Previous work has shown that the E. coli strain K12 used here is not capable of 
utilizing sucrose as a carbon source (Tsunekawa et al. 1992). When E. coli was grown 
outside the fuel cell it may have used other constituents of the media instead of sucrose. 
However, sucrose only was added as substrate to the fuel cell and yet after 1 h of operation 
the power densities were considerably higher in MFC with E. coli and methylene blue 
compared to the control MFC where sucrose and methylene blue only was used. After 24 
and 44 h the maximum power density had dropped from 2.0 W m-3 to 1.7 and 0.8 W m-3, 
respectively (Appendix I). These results probably indicate that sucrose had no role in 
electricity generation and the electrons were produced due to the interaction of methylene 
blue with E. coli. This conclusion was supported by the calculation according to which a 
hypothetical number of moles of sucrose required for the operation of the E. coli MFC for 
one hour at the current corresponding to the maximum power density obtained was two 
orders of magnitude lower compared to the number of moles of sucrose present in the 
anodic chamber in the beginning of the experiment (Section 3.2). This result showed that 
the power output achieved was only a fraction of the theoretical power available from 
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sucrose. Qiao et al. (2008) showed that E. coli cells possessed direct electrochemical 
behavior in phosphate buffer without a substrate. They discovered that E. coli that had 
evolved in a MFC excreted hydro quinone type compounds, normally present in bacterial 
electron transport chain. The accumulated hydro quinone compounds were thought to be 
responsible for the direct electron transport between E. coli cells and the anode. The 
hydroquinones were suggested to result in the direct redox behaviour by E. coli, as shown 
by cyclic voltammetry, observed in phosphate buffer even without a substrate. An addition 
of glucose was shown to enhance the current (Qiao et al. 2008). In the present study, a 
power higher than that of a control MFC was achieved even without the presence of 
methylene blue, supporting the possible role of hydro quinone compounds in direct electron 
transport between E. coli and the anode. Further studies would be required for better 
understanding of the mechanism of electron transport in the E. coli MFC shown in the 
present study. 
Several MFCs have been reported where the power production by D. desulfuricans is 
mainly due to the electrochemical oxidation of biologically produced sulphide on the anode 
(Habermann and Pommer 1991; Cooney et al. 1996; Zhao et al. 2008). However, a direct 
electron transfer between the sulphate-reducing bacteria and the anode has also been 
demonstrated (Holmes et al. 2004a; Zhao et al. 2009c). The maximum power densities 
obtained with batch-mode D. desulfuricans MFCs (7.3 ± 0.5 W m-3, 0.44 ± 0.03 rnA) 
compared well with the values reported in literature: Ieropoulos et al. (2005) showed an 
average power density and current of 1.82 W m-3 (calculated here per liquid volume of the 
anode chamber) and 0.067 rnA, respectively, using a mixed culture of D. desulfuricans, E. 
coli, Pseudomonas aeruginosa, Pseudomonas fluorescens and Proteus vulgaris within a 
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two-chambered MFC with a ferricyanide cathode. D. desulfuricans was assumed to utilise 
the lactate produced from sucrose by other bacteria. With a mixed culture consisting of the 
same bacterial species as used by Ieropoulos et ai., Habermann and Pommer (1991) 
reported current densities of up to 50 rnA cm-2 over a period of 5 years using sugar waste 
products as fuel. The anode electrodes contained cobalt hydroxides that catalyzed the 
oxidation of H2S produced by bacteria, which probably lead to a significantly higher 
current density compared to the one obtained in this study (701 ± 50 rnA m-2, calculated per 
anode area). Another sulphate-reducing bacterium, Desulfobulbus propionicus, has also 
been shown to produce electricity in a MFC, using the anode electrode as a direct electron 
acceptor (Holmes et al. 2004a). In a two-chamber MFC using graphite electrodes and an 
air-purged cathode, D. propionicus with lactate as substrate generated a maximum current 
density of28 ± 5 rnA m-2, lower than that generated by D. desulfuricans in this study. 
For technological applications, the use of artificial electron mediators such as 
methylene blue to boost the electron transfer from e.g. E. coli to the anode is not 
sustainable or environmentally acceptable. These need to be regularly replenished and 
would be present in the effluent of continuously-fed MFCs. In contrast, sulphate and 
sulphate-reducing bacteria are naturally present in wastewater and sediments, which can be 
exploited in wastewater based MFCs (Habermann and Pommer 1991; Rabaey et al. 2006; 
Zhao et al. 2008; Zhao et al. 2009a) and sediment MFCs (Reimers et al. 2001; Holmes et al. 
2004b). Since no artificial mediators were required for the operation of D. desulfuricans 
MFCs, D. desulfuricans was selected for further studies carried out with a single species as 
inoculum. 
115 
3.10.2 Power generation in recycled flow batch-mode D. desulfuricans MFCs 
The power density and current decreased in batch-mode D. desulfuricans MFCs over time 
(Figure 3.2), which was assumed to be due to the settling down of bacterial cells in the 
anode chamber, or the loss of activity of the anaerobic D. desulfuricans bacteria due to the 
diffusion of air from cathode through Nafion, shown in previous studies (Liu and Logan 
2004; Kim et al. 2007b; Chae et al. 2008). In order to overcome these constraints and 
obtain stable power generation, D. desulfuricans was studied in recycled flow batch-mode 
with flow of the culture through the anodic chamber and continuous recycling of the culture 
between the MFC and an anaerobic reservoir flask. However, again the maximum power 
output decreased over time (Figure 3.3), indicating that the main reason for the power drop 
was probably not the lack of contact between bacteria and the anode (or the loss of bacterial 
activity due to oxygen diffusion from cathode). This conclusion supports other studies 
where electricity generation is considered to be mainly due to the electrochemical oxidation 
of biologically produced sulphide (Habermann and Pommer 1991; Cooney et al. 1996; 
Zhao et al. 2008) which does not necessitate a physical contact between bacteria and anode. 
To find out whether the unstable power production was caused by non-optimal growth 
conditions of bacteria, the following MFC was operated at 30°C, closer to the optimum 
growth temperature of this species (34-37°C, Postgate 1984b). However, the power density 
decreased again over time, showing that the non-optimal growth temperature of bacteria 
was not the major cause of the power drop (Figure 3.4). 
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3.10.3 Fouling of Nafion membrane of D. desulfuricans MFCs 
The recycled flow between the anode chamber and the reservoir flask in batch-mode or 
operating the MFC at temperature closer to the optimum growth temperature of D. 
desulfuricans did not improve the stability of the power output compared to the batch-mode 
MFCs (Figure 3.2, Figure 3.3 and Figure 3.4). However, considerably higher maximum 
power densities of 15 W m-3 and 14 W m-3 were obtained when the Nafion membrane or 
the Nafion membrane and cathode, respectively, were replaced with fresh ones, compared 
to the power density obtained when only the cathode was replaced (2.5 W m-3) or the 
control (1.9 W m-3) (Figure 3.5b), suggesting that fouling of the Nafion membrane was the 
reason for a decrease in the power output over time. The results obtained by FT-Raman 
spectroscopy verified the deposition of sulphur on the surface and/or inside the Nation 
membrane during the operation of D. desulfuricans MFCs (Figure 3.6). This sulphur 
probably originated from the chemical oxidation of sulphide to sulphur by oxygen diffusing 
into Nation membrane from the air-cathode. The conductivity of Nation membrane taken 
from a D. desulfuricans MFC (5.4 ± 0.1 mS cm- I ) was considerably lower than the 
conductivity of pure Nafion membrane in proton form (95 mS cm- I , Liu et al. 2004b), 
indicating that the fouling of Nafion by sulphur reduced the proton transport through the 
Nation. In addition to the sulphur fouling, the presence of high concentration of cations in 
the anodic medium could also have reduced the proton conductivity of Nation. Cations 
such as Na + diffuse through proton-exchange membranes since alkali cations are present in 
MFCs at concentrations orders of magnitude higher than protons (Zhao et al. 2006) whereas 
the proton transport rates through PEM are only five times higher compared to those of 
other cations (Stenina et al. 2004). To prevent the diffusion of H2S to the membrane and the 
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subsequent fouling by sulphur, a high-efficiency activated carbon cloth anode and a shorter 
distance between the anode and the membrane (such as those attained in an 
anode/membrane/cathode -sandwich-type MFC) could be used for the removal of sulphate 
(and sulphide generated by microbial activity) from wastewaters with simultaneous 
electricity production (Zhao et al. 2008). 
3.10.4 Power generation in continuous-mode D. desulfuricans and anaerobic sludge 
MFCs 
To investigate whether continuous higher power generation could be obtained, the MFC 
performance was analysed in continuous-mode with the added advantage of easiness of 
operation and with either D. desulfuricans or anaerobic digester sludge as inoculum. Higher 
maximum power outputs and currents were obtained in the batch-mode D. desulfuricans 
MFCs compared to those in continuous-mode (Figure 3.2 and Figure 3.8), which may be 
due to the fouling of Nafion membrane by sulphur in longer-term continuous-mode MFCs 
(Section 3.10.3). To some extent the higher power outputs in batch-mode could also be 
explained by too high effluent flow rate in the continuous-mode MFC, due to which H2S 
probably accumulated leading to an increase in voltage when the continuous-mode D. 
desulfuricans MFC was left to batch-mode for a short time period (Appendix II). However, 
from a practical point of view continuous operation is preferred to batch operation in long-
term larger scale MFCs and for real life wastewater treatment applications (Rittmann and 
McCarty 2001; He et al. 2005; Cheng et al. 2006b). 
A continuous-mode MFC showed rather similar maximum power densities of 0.38 W 
m-3 and 0.28 W m-3 when using a mixed community (anaerobic digester sludge) and when 
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usmg a single bacterial species (D. desulfuricans), respectively (Figure 3.Sa). The 
extrapolated maximum currents were around 0.04 rnA in both MFCs (Figure 3.Sb). 
However, when studied in the same MFC setup the mixed cultures have generally shown 
higher power producing capabilities than the single bacterial species (Park and Zeikus 
2003; Rabaey et al. 2004; Ishii et al. 200Sa; Zuo et al. 200S), although a phototrophic 
Rhodopseudomonas bacterium isolated from a MFC have been shown to produce higher 
power densities than a mixed consortium (Xing et al. 200S). In addition to MFC design, 
also the chemical solution used should be the same in order to truly compare MFC 
performances with single and mixed cultures (Logan 2009). The artificial wastewater media 
fed to the MFCs with the D. desulfuricans and the mixed culture were different, which 
together with the fouling of Nafion by sulphur in D. desulfuricans MFC may have resulted 
in the different finding in this study compared to those previously reported. 
A further increase in power generation to 1.0 W m-3 was observed when anaerobic 
sludge was inoculated into a multi-layered anode electrode MFC (Figure 3.Sa). This result 
compares well with the values previously reported for sucrose-fed MFCs, as calculated here 
per liquid volume unit of anode chamber. He et al. (2005) obtained a maximum power 
density of 3.l7 W m-3 with an upflow MFC operated at 35°C using reticulated vitreous 
carbon electrodes and hexacyanoferrate as cathode catalyst. Ghangrekar and Shinde (2007) 
achieved a maximum power ofO.OlS W m-3 using a membrane-less MFC with graphite rod 
electrodes at temperature ranging from 29 to 33°C. A higher volumetric power density of 
29 W m -3 was shown using an upflow MFC operated at 35°C when an interior cathode was 
used (He et al. 2006) compared to when the cathode was placed on top of the anode (3.1 W 
m-3) (He et al. 2005). The enhanced power output using the interior cathode was shown to 
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result from decreased ohmic resistance due to shorter distance between the anode and the 
cathode and larger surface area of the PEM (He et al. 2006). 
An increase of the anode size from 6.3 to 32 cm2 (i.e. 408%) in anaerobic sludge MFCs 
resulted in an increase of maximum power by 163% (Figure 3.8a), suggesting that the 
anode surface area available for microbial biofilm attachment might have limited the power 
output. Oh and Logan (2006) reported that increasing the size of a carbon paper anode from 
6.5 to 22.5 cm2 (i.e. 246%) increased the power by 50%, which compares favorably with 
the results reported here. It has to be noted that increasing the anode surface area leads to an 
increase in power output only up to a certain level since e.g. the relative surface areas of the 
cathode (Oh et al. 2004; Fan et al. 2008) and PEM (Oh and Logan 2006; He et al. 2006) can 
limit the power output. 
Continuous and longer term power generation was achieved in the continuous-mode 
MFC with high removal of sucrose content of the artificial wastewater by the mixed 
community (Figure 3.9 a and b). The decrease observed in the multi-layered anode 
anaerobic sludge MFC after day 33 (Figure 3.9a) could be just temporary fluctuation since 
in further studies a stable power output was shown using similar MFC setup but for longer 
time period (Chapter 5) than reported here. The fluctuation in power may also be caused by 
limitations in cathode and/or membrane surface area due to fouling. This issue is discussed 
in more detail in Chapter 5. 
The ohmic part of the internal resistances of the D. desulfuricans MFC and the multi-
layered anode anaerobic sludge MFC were 49 nand 9.8 n on average, respectively (Figure 
3.10 a and b). These values are comparable with the values reported in the literature for 
MFCs with low internal resistance, indicating that ohmic limitations were acceptable. 
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Logan et al. (2007) reported ohmic internal resistances of 8 n with a graphite fibre brush 
anode, and 31 n with a carbon cloth anode using air-cathode MFC. These differences were 
explained by high conductivity and high specific surface area of the brush electrode and 
also by an open structure of the brush electrode configuration which prevented biofouling. 
An ohmic internal resistance of 8.6 n was shown in an upflow MFC with granular 
activated carbon electrodes and hexacyanoferrate as cathode catalyst (He et al. 2006). An 
ohmic resistance of 14 n was reported for a single-chamber air-cathode MFC with carbon 
cloth electrodes and Pt as cathode catalyst (Cheng et al. 2006b). The ohmic losses in MFCs 
consist of electronic resistances of the electrodes and interconnections and the ionic 
resistances of the electrolytes and membrane (Larminie and Dicks 2000). Therefore, the 
fouling of Nafion membrane by sulphur in D. desulfuricans MFC, which reduced the 
conductivity of Nafion (Section 3.10.3), also probably increased the ohmic internal 
resistance of the D. desulfuricans MFC compared to the anaerobic sludge MFC. The 
difference in ohmic resistances of these MFCs could also be attributed to different anode 
surface areas used. 
3.10.5 Effect of feed sucrose concentration on power generation 
When a sucrose concentration of 0.1 g L-! was used in the feed, increases of 2.5-fold and 
4.7-fold in the maximum power density were obtained compared to the power output 
observed at sucrose concentrations of 0.2 g L-! and 0.05 g L-!, respectively (Figure 3.lla). 
As expected, the total carbohydrate concentration of effluent reached earlier a low level in 
MFC fed with 0.1 g L-! sucrose (day 14) compared to the MFC fed with 0.2 g L-1 sucrose 
(day 18) (Figure 3.llb). Although the power density obtained with 0.1 g L- 1 sucrose in feed 
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was higher than with 0.2 g L-1 sucrose in feed, the total carbohydrate consumption was 
similar in the MFCs fed with 0.1 g L-1 sucrose ((98 ± 0.4)%) and 0.2 g L-1 sucrose ((97 ± 
1.3) %), suggesting that higher proportion of electrons available from sucrose was 
generated as electricity on the anode when the MFC was fed with 0.1 g L-1 sucrose. As a 
result, a sucrose concentration of 0.1 g L-l, corresponding to 3.7 kg m-3 day-l (per anode 
liquid volume) or 4.1 kg CODt (theoretical chemical oxygen demand) m-3 dafl, was 
selected for further MFC studies using anaerobic sludge as inoculum (Section 3.10.4 and 
Chapters 4-5). He et al. (2005) found that the power maximum was reached when feeding 
with 2.0 kg COD m-3 day-l of sucrose and a further increase in loading rate to 3.4 kg COD 
m-
3 day-l did not significantly improve the power output. The availability of an excess of 
substrate was shown to create a niche for the growth of methanogens (He et al. 2005). In 
another study by He et al. (2006), the power density increased when the loading rate of 
sucrose was increased up to 3.4 kg COD m-3 dafl but a further increase to 4.29 kg COD m-
3 dafl led to a decrease in power from 27.2 W m-3 to 23.7 W m-3, which compares well 
with the present study where the MFC with sucrose loading rate above 4.1 to kg CODt m-3 
dafl showed decreased power densities. The decrease in power output observed by He et 
al. (2006) was explained to result from deteriorated environmental conditions with the 
increased soluble COD and volatile fatty acids (VFA) at the highest loading rate. 
Three different hypotheses could explain why the high sucrose loading could have lead 
to a decreased power output in the present study. Conversion of a fermentative substrate 
(glucose) to electricity has been found to be a syntrophic process between fermentative 
bacteria and electricity generating bacteria that consume acetate and hydrogen produced by 
fermenters (Freguia et al. 2008; Lee et al. 2008). Methanogens have also been found to 
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compete with electricity producing bacteria for hydrogen (Freguia et al. 2008) and acetate 
(Virdis et al. 2009). Generally in anaerobic waste treatment systems an organic overload 
leads to a decrease in pH via accumulation of acetic, propionic, butyric and isobutyric acids 
generated by fermentative bacteria (Rittmann and McCarty 2001). Methanogens are most 
sensitive to pH changes in anaerobic processes and therefore one possible reason for the 
decreased power density observed at high loading rate could be the inhibition of 
methanogenesis by low pH (below 6.4) leading to accumulation of H2, which in tum leads 
to decreased production of acetic acid by fermentative bacteria (their metabolism shift 
toward other VFAs) (Grady et al. 1998). However, the pH of the effluent was quite similar 
at all sucrose loading rates tested (Appendix III), which seems to invalidate this hypothesis 
assuming that the pH of the anodic chamber and effluent are fairly similar. The second 
hypothesis is that the H2 consuming reactions (electricity producers or methanogens that 
use H2 as e- acceptor) are not present and therefore H2 accumulates more at high loading 
rate to the level that slows down acetogenesis. If acetate oxidation is the main path of 
electricity production, the power output is reduced due to the reduced acetate production. 
The third hypothesis is that the increased VF A production at high loading rate causes 
methanogens to outcompete electricity producers, which leads to reduced power output. 
However, with the collected data there is not enough evidence to support any of these 
hypotheses. In order to understand why high sucrose loading leads to a decreased power 
output, further studies would be required where MFCs with different loading rates would 
be compared by monitoring of VF As, C~, H2 and pH of anodic chamber and analysis of 
microbial community composition. 
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3.10.6 Effect of temperature on power output 
Temperature can affect MFC performance in several ways. The rate of chemical reactions 
changes as a function of temperature (Zumdahl 1998). Temperature can have an effect on 
biological reactions by influencing the rates of enzymatically catalyzed reactions and the 
rate of diffusion of substrate to the cells (Grady et al. 1998). The rate of electrochemical 
reactions on electrodes, the conductivity of electrodes and the rate of proton transfer are 
increased with increasing temperature (O'Hayre et al. 2006). The power density of the 
anaerobic sludge MFC was affected by the fluctuations of the air temperature in the 
surroundings of the MFC (Figure 3.12a). The increase in power density was rapid after 
temperature started rising and therefore the effect of temperature on power density seems to 
be affected by the increase in the rates of electrochemical reactions and diffusion of 
chemical species. The rapid response of the power density of MFC to variation In 
temperature is crucial, assuming that MFCs for wastewater treatment would not be 
subjected to temperature control. 
Several studies have been reported in the literature demonstrating the effect of 
temperature on MFC performance. A batch operated MFC fed with acetate showed a 
decrease in maximum power density of only 9% (0.75% decrease per 1°C), mainly due to 
reduced cathode potential, as a response to decreasing the temperature from 32°C to 20°C 
(Liu et al. 2005a), which is less than shown in this study ((10 ± 1.2) % decrease or (13 ± 
1.6) % increase per 1°C). A batch-mode MFC fed with domestic wastewater and operated 
at 30°C showed 63% higher maximum power density (7.8% increase per 1°C) compared to 
a similar MFC operated at 22°C, whereas no significant power was produced with MFC at 
15°C (Min et al. 2008). Power generation from artificial wastewater containing glucose and 
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glutamic acid using a continuous-mode MFC was studied at different temperatures of 24, 
30,33,35,38 and 41°C (Moon et al. 2006). The maximum power density increased when 
temperature was raised from 24 to 35°C (on average 2% per 1°C), decreasing as 
temperature was further increased. The present study showed larger increase/decrease 
percentages of power per degree Celsius than previous reports. However, the comparison 
between different studies here may be oversimplified since the relationship between 
temperature and power output might not be linear. Temperature fluctuated rapidly and in a 
narrower range in this study compared to those reported earlier which may explain some of 
the difference in results obtained. Wider variations in fluctuation of operating temperature 
for longer time period would be needed to be able to better determine the effects on power 
output. 
In conclusion, a continuous-mode MFC capable of continual and stable power 
generation and simultaneous treatment of artificial wastewater was developed. Among the 
different setups tested, this continuous-mode setup is easiest to operate and best resembles a 
possible MFC setup for practical wastewater treatment applications and therefore would be 
suitable for further longer term studies of the dynamics of anodic microbial communities 
(Chapters 4-6). 
1~5 
Chapter 4 Effect of acclimatised inoculum on MFC 
performance and bacterial communities 
4.1 Chapter overview 
Anaerobic sewage sludge has been commonly used as inoculum for MFCs (Rabaey et al. 
2004; Kim et al. 2005; He et al. 2006; Ghangrekar and Shinde 2007; Kim et al. 2009 a and 
b). During MFC operation the microbial community present in the inoculum has been 
shown to evolve to a microbial consortium possessing higher electrochemical activity 
compared to a consortium grown with the same inoculum outside the MFC (Rabaey et al. 
2004). Anodic biofilm, anodic suspension or effluent obtained from operating MFCs have 
been used to inoculate other MFCs in some studies (Kim et at. 2005; Freguia et al. 2008; 
Virdis et al. 2009). However, studies on the effect of using an acclimatised inoculum that is 
a microbial consortium already adapted to the MFC conditions and enriched in 
exoelectrogens, on the MFC performance are limited. This chapter describes the use of an 
acclimatised anodic biofilm community together with anodic suspended culture as the 
inoculum in the continuous-mode single-chamber MFC setup discussed in Chapter 3. 
The acclimatised inoculum samples (kindly supplied by Dr J. R. Kim, University of 
Glamorgan) were obtained from replicate tubular sucrose-fed MFCs inoculated with 
anaerobic sludge and operated for 97 days (Kim et al. 2009b). The samples obtained from 
the modules Al and Bl from two MFCs A and B, respectively ( 
Figure 2.4b), were inoculated into MFCs named here MFC-G 1 and MFC-G2, 
respectively. The same substrate and anode material were used in MFCs G 1 and G2 and the 
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MFC inoculated with anaerobic sludge (Section 3.6), named here MFC-Ads, compared to 
those in MFCs A and B. The performance and the bacterial community compositions of the 
MFCs inoculated with acclimatised microbial consortia were compared to the MFC 
inoculated with anaerobic sludge (MFC-Ads). Shorter start-up times to reach the maximum 
power level and higher power densities were expected as a result of using an acclimatised 
inoculum. In addition, the difference in performance of the MFCs with different types of 
inoculum was hypothesized to facilitate the identification of individual bacteria or a 
consortium with high electricity-generation capability. 
4.2 Effect of acclimatised inoculum on performance during initial 
batch-mode operation 
MFCs were operated in batch-mode for the first 12 days with periodical replacement of the 
anodic medium in order to gain more biomass and select for exoelectrogenic biofilm-
forming bacteria on the anode. After this period the continuous-mode operation was started 
with constant feeding of the medium and continuous discharge of the effluent. During the 
initial batch-mode operation, MFC-G 1 and MFC-G2 showed a current generation pattern 
different to that observed in the MFC-Ads (Figure 4.1 a and b). The current density in all 
MFCs started to increase two days after inoculation, but the rate of increase was much 
higher in MFC-Ads than in MFCs G 1 and G2. In each batch cycle the replacement of 
medium led to a rapid increase of current density of MFC-Ads, followed by a gradual 
decline after the peak current was reached, probably due to decreasing substrate 
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concentration. In contrast, the current of the MFC-G 1 and MFC-G2 kept gradually 
increasing, suggesting that substrate (sucrose or intermediate metabolites) consumption rate 
was lower than in MFC-Ads. 
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Figure 4.1 Time course of current generation during initial batch-mode operation of MFCs 
inoculated with (A) anaerobic digester sludge (MFC-Ads) and with (B) duplicate 
acclimatised anode community samples: MFC-Gl (solid line) and MFC-G2 (dashed line). 
MFC-G 1 and MFC-G2 were operated under an external resistance of 40 kO, while MFC-
Ads was operated under an external resistance of 70 kO for the first six days followed by an 
external resistance of 10 kO for the next six days. Arrows indicate replenishment of 
medium. 
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4.3 Long-term effect of the acclimatised inoculum on performance 
After the initial batch-mode operation, MFCs were operated in continuous-mode and the 
maximum power density was observed to increase until day 32-33 in all MFCs. The 
maximum power densities of 1.0, 0.8 and 0.5 W m-3 were obtained in MFC-Ads, MFC-G2 
and MFC-G1, respectively, indicating that the use of an acclimatised inoculum did not 
improve the power output of MFC relative to the MFC with unacc1imatised inoculum 
(anaerobic sludge). 
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Figure 4.2 Time course plots of maximum power densities ?f MFCs .inoc~lated with 
anaerobic digester sludge (MFC-Ads) (e) and with duplIcate acclImatised anode 
community samples: MFC-G 1 (_) and MFC-G2 (6). 
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4.4 Effect of acclimatised inoculum on sucrose consumption 
The carbohydrate content of the effluent was monitored in order to evaluate the efficiency 
of sucrose removal from the artificial wastewater. The sucrose present in the influent 
medium was consumed to a low level earlier in the MFC-G 1 and MFC-G2 than in the 
MFC-Ads (Figure 4.3 and Figure 3.9b). The total carbohydrate consumption of MFC-Ads 
was (65 ± 3.4) % during the first 27 days of continuous-mode operation and (92 ± 2.1) % 
during the last 15 days of operation (Section 3.6). Total carbohydrate consumption of 
MFC-G1 and MFC-G2 was (94 ± 1.6) % and (91 ± 1.2) %, respectively, including the 
whole period of the continuous-mode operation (Figure 4.3). These results indicate that in 
all MFCs, the mixed communities had high capacities for removal of the sucrose present in 
the artificial wastewater, independent of the type of the inoculum employed. 
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Figure 4.3 Total carbohydrate concentratio~ of in~ue~t (closed symbols) ~d effluen~ 
(open symbols) of the MFCs inoculated WIth acclImatIsed anode commumty samples. 
MFC-Gl (A) and MFC-G2 (e) (measured in duplicate). 
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4.5 Microbial attachment on the anode 
In order to analyse the extent of microbial attachment and biofilm formation on anode 
electrodes, SEM was performed on anode samples of MFCs Ads, Gland G2. The SEM 
images revealed microbial attachment on the carbon fibres of all anode samples (Figure 4.4 
a-c), as compared to the control image of plain carbon fibre veil (Figure 4.4d). The 
microbial coverage of the anode was partial and heterogeneous. Microbial attachment to the 
anode was more abundant in MFC-GI and MFC-G2 than in MFC-Ads (Figure 4.4 a-c). 
This reflects the fact that the samples of MFC-G 1 and MFC-G2 were viewed from the 
outermost side of anode surface, whereas the SEM image of MFC-Ads was taken from an 
internal surface of the outermost layer of anode. True biofilm formation on carbon fibres 
was seen in samples of MFC-G2 (Figure 4.4 c and g). These results suggest that microbial 
attachment was more abundant on the outermost surface of the anode as compared to the 
inner layers. 
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Figure 4.4 SEM images of anode taken from the MFC inoculated with anaerobic digester sludge (MFC-Ads) (A, E) and anodes taken from MFCs 
inoculated with acclimatised anode community samples: MFC-G 1 (B, F) and MFC-G2 (C, G) and a SEM image of plain carbon fibre veil (D). 
4.6 Effect of acclimatised inoculum on bacterial communities 
In attempt to identify a consortium or individual bacteria with high electricity-generation 
capability, the bacterial community compositions of the MFCs were analysed over time by 
Denaturing Gradient Gel Electrophoresis (DGGE) of PCR-amplified genes coding for 
partial 16S rRNA, followed by species identification by sequencing. Bacterial community 
profiles of MFC-Ads, MFC-G 1 and MFC-G2 are shown in Figure 4.5. Changes in the 
banding pattern and band intensity of the bacterial biofilm community were observed over 
time in the MFC-Ads (lanes of days 0 to 55). Some species in the biofilm gradually 
disappear (or become less abundant) (band 11), whilst others become more dominant 
(bands 9, 10, 14). In contrast, no significant change was observed in the community profiles 
of MFC-G 1 and MFC-G2 after day 28. As it can be seen from the differences in the band 
patterns of the lanes B4 and Susp in comparison to Inoc, the composition of the community 
in the anaerobic sludge inoculum was different to that present in the biofilm or in the 
suspended culture of MFC-Ads. Biofilm and suspended culture showed very similar band 
patterns in all MFCs, as analysed at the end of the experiments (lanes B4, Susp-55, B3 and 
Susp-42). The community composition was different in MFC-G 1 and MFC-G2 compared 
to MFC-Ads, which reflects the different types of inoculum used. 
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Figure 4.5 Bacterial community profile of MFC inoculated with anaerobic sludge (MFC-
Ads) or with acclimatised anode community samples (MFC-G 1 and MFC-G2). Samples 
from the anodic biofilm or from the bacterial suspension were analyzed by denaturing 
gradient gel electrophoresis (DGGE) of PCR-amplified genes coding for 16S rRNA; Std: 
Standard mix; Inoc: anaerobic sludge; B: Biofilm; Susp: suspended culture; *: chimeras. 
Arrows indicate bands excised for sequence analysis. Acclimatised anode community 
samples were taken from a sucrose-fed tubular MFC with anaerobic sludge inoculum (Kim 
et al. 2009b, University of Glamorgan). 
4.6.1 Sequencing analysis of DNA fragments of DGGE bands 
Sequencing of the 16S rRNA genes of the bands excised from DGGE gel and comparison 
to known 16S rRNA sequences in the GenBank database revealed different bacterial 
community composition for MFC-G 1 and MFC-G2 compared to MFC-Ads. At the start of 
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the continuous-mode operation (day 12), the biofilm community was dominated by a 
bacterium closely related to Trichococcus pasteurii (100%) in MFC-Ads and by a 
bacterium closely related to Klebsiella oxytoca (99%) in MFC-Gl and MFC-G2 (Figure 4.5 
and Table 4.1). By the end of the experiment close relatives of Clostridium indo lis (99%), 
Desulfovibrio vulgaris (99%) and Anaerosporobacter mobilis (100%), belonging to the 
bacterial classes of Clostridia and o-Proteobacteria, have become predominant members of 
the biofilm community of MFC-Ads, whereas bacteria related to Pantoea agglomerans 
(100%) and Klebsiella oxytoca (99%), belonging to the class of y-Proteobacteria, dominate 
the biofilm community ofMFC-GI and MFC-G2. Anaerobic sludge inoculum yielded faint 
bands and the separation of bands on the DGGE gel was in some cases insufficient to 
obtain sequencing results of good quality. The species found in the inoculum were different 
to those detected in the MFC-Ads and the majority showed sequence similarity to 
uncultured bacterium clones isolated from mesophilic anaerobic digester for municipal 
wastewater sludge treatment (Riviere et al. 2009) (Table 4.1 bands 2-4, 6). 
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Tabl.e ~.1 Identity of~acterial16S rRNA gene sequences of bands excised from DGGE gel 
consIstmg of co~mun1ty pro~les of ~FC. inoculated with anaerobic digester sludge (MFC-
Ads) and MFCs moculated wIth acclImatlsed community (MFC-G 1 and MFC-G2) (Figure 
4.5). 
Band Class (Phylum) 
Inoculum 
1 E-Proteobacteria 
(Proteobacteria) 
2 NA 
3 NA 
4 NA 
5 Spirochaetes 
(Spirochaetes) 
6 NA 
MFC-Ads 
7 Bacteroidetes 
(Bacteroidetes ) 
8* Clostridia (Firmicutes) 
9 
10 a -Proteobacteria 
(Proteobacteria) 
11 Bacilli (Firmicutes) 
12 
13 o-Proteobacteria 
(Proteobacteria) 
14 Actinobacteria 
(Actinobacteria) 
MFC-G1 and MFC-G2 
15 E-Proteobacteria 
16 (Proteobacteria) 
17 Bacilli (Firmicutes) 
18 
19 
20 
21 
o-Proteobacteria 
(Proteobacteria) 
y-Proteobacteria 
(Proteobacteria) 
GenBank database search result 
Arcobacter cryaerophilus strain CCUG 12018 
(EF064151) 
Uncultured Bacteroidetes bacterium clone 
OEON1CG07 (CU927019) 
Uncultured Bacteroidetes bacterium clone 
OEON5AB01 (CU926956) 
Uncultured Spirochaetes bacterium clone 
OE003CF03 (CU922923) 
Sphaerochaeta sp. T01 (00833400) 
Uncultured Acidobacteria bacterium clone 
OEOR1 BF06 (CU922275) 
Dysgonomonas mossii strain CCUG 43457 
(AJ319867) 
Anaerosporobacter mobilis strain IMSNU 
(AY534872) 
Clostridium indolis strain OSM 755 (Y18184) 
Ochrobactrum anthropi strain HAMBI2402 
(AF501340) 
Trichococcus pasteurii strain R-31594 (AM943044) 
Desulfovibrio vulgaris OSM 644 (AF418179) 
Actinobaculum schaalii strain LL (AF487680) 
Arcobacter butzleri (U34388) 
Lactococcus sp. F116 (EF204365) 
Desulfovibrio desulfuricans subsp. desulfuricans 
A TCC 29577 (AF 192153) 
Citrobacter gillenii strain RT3(00223882) 
Klebsiella oxytoca strain W-2 (AB476819) 
Pantoea agglomerans SP1 (AF199029) 
Similarity 
(%) 
98 
96 
99 
98 
96 
95 
90 
100 
99 
100 
100 
98 
99 
94 
98 
100 
100 
97 
99 
99 
100 
*The 16S rRNA genes of bands marked with nr 8 were reamplified by peR and run on another.DGGE gel 
(Appendix IV, Figure 4a) due to insufficient quality of sequences obtained from the first DGGE (Figure 4.5) 
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4.7 Discussion 
4.7.1 Effect of acclimatised inoculum on MFC performance 
An acclimatised inoculum, a microbial consortium adapted to MFC conditions and high in 
number of exoelectrogens, was expected to shorten the lag time for a new MFC to reach the 
maximum performance and improve the maximum power density. However, the use of 
acclimatised inoculum taken from a tubular sucrose-fed MFC did not shorten the time 
needed for MFCs (Gl, G2) to reach the current maximum in batch-mode in comparison 
with MFC inoculated with unacclimatised inoculum (anaerobic sludge) (MFC-Ads) (Figure 
4.1). As a relatively small piece of acclimatised anode (2 cm2) compared to the whole 
anode area (32 cm2) was used as inoculum (in addition to 5% suspension inoculum), the 
slow and gradual increase in current generation of MFC-G 1 and MFC-G2 in batch-mode 
(Figure 4.1 b) could be explained by the need of fermenting species first to produce 
substrates for exoelectrogens (Freguia et al. 2008; Lee et al. 2008) and exoelectrogens to 
grow from the small inoculum. In addition, as the inoculum was acclimatised in a different 
type of reactor, the bacterial consortium had to adapt to the new environment. Also the fact 
that no precautions were taken to keep the conditions anaerobic when handling the 
acclimatised inoculum samples before assembling the MFC could have affected the 
community structure and caused a longer adaptation period. Kim et al. (2005) also found 
that the initial lag time taken to reach the power peak in a batch-mode MFC was not 
reduced when the MFC was inoculated with an adapted anode biofilm. 
In continuous-mode, the maximum power density increased until day 32-33 in all 
MFCs but no further improvement in power density was observed in the MFCs with 
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acclimatised inoculum compared to the MFC with unacclimatised inoculum (Figure 4.2). 
This could not be explained by the small amount of biomass present and low sucrose 
utilization rate in MFCs with acclimatised inoculum since high sucrose removal efficiency 
was reached from the beginning of the continuous-mode operation (Figure 4.3). Kim et al. 
(2005) reported an increase in power density from 8 to 40 mW m-2 in acetate-fed MFC 
when a biofilm scraped from the anode electrode of an operating MFC was applied to a 
new anode compared to a system inoculated with unacclimatised anaerobic sludge. The 
contradiction between this study (Figure 4.2) and the study by Kim et al. (2005) could be 
due to the use of different substrates, thus causing differences in community structure. 
Acetate, a non-fermentable substrate, is used by many anode-respiring bacteria (Bond et al. 
2002; Bond and Lovley 2005; Kodama and Watanabe 2008; Wrighton et al. 2008; Xing et 
aL 2008; Zuo et al. 2008) and does not normally allow the growth of fermentative bacteria 
that may compete for anode surface space but not produce electricity (Jung and Regan 
2007; Lee et aL 2008). Therefore the possible presence of high proportion of anode-
respiring bacteria in the acclimatised inoculum enriched with acetate could have led to the 
formation of an anodic biofilm with higher abundance of anode-respiring bacteria and 
higher power output compared to the unacclimatised inoculum in the study by Kim et al. 
(2005). In contrast, the acclimatised biofilm enriched with sucrose, a fermentable substrate, 
may have contained relatively low abundance of anode-respiring bacteria, and therefore no 
improvement in power density was observed with acclimatised inoculum in the study 
presented here. These differences might also be explained by the use of different system 
configuration and operating conditions between MFCs A and B (U. of Glamorgan), where 
the inocula were obtained from, and MFCs Gland G2 (U. of Surrey) into which the 
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acclimatised microbial consortia was inoculated. The bacterial community could be adapted 
for a specific operating conditions and therefore when transferred to another system, it does 
not perform in an identical manner. In contrast, the inoculum in the study by Kim et al. 
(2005) was transferred between the same types of reactor (J. R. Kim, pers. comm.). 
However, that study did not address the long-term stability of MFCs in continuous-mode 
operation but was operated in batch-mode and over a short period of time (~7 days). 
Rabaey et al. (2004) have shown that within the same batch-mode MFC power can be 
increased over a long time period. During 71 days, the enrichment of bacteria on the anode 
by repeated transfer of microbial consortium and media replacement in glucose-fed batch-
mode MFC resulted in a power output increase from 0.65 to 4.3 W m-2 (Rabaey et al. 
2004). 
4.7.2 Effect of acclimatised inoculum on bacterial communities 
The SEM images revealed partial and heterogeneous microbial attachment and biofilm 
formation on the anode electrodes (Figure 4.4). It should be noted that although the SEM 
images are representative of the anode sample prepared for SEM, the sample may not be 
representative of the whole surface of the anode layer. Partial microbial coverage of carbon 
cloth and carbon fibre anodes has also been reported in other studies (Lee et al. 2006; Ishii 
et al. 2008 a and b; Zhang et al. 2008a; Chae et al. 2009). The outermost surface of the 
carbon veil (Figure 4.4 b and c) seemed to have a higher amount of attached biomass than 
the internal surface of the outermost layer (Figure 4.4a). In accordance with this finding, 
Chae et al. (2009) reported a decreasing biofilm density with the depth of the layered 
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carbon felt anode, which was thought to result from the densely entwined structure of the 
carbon felt and limited accessibility to substrate. 
The composition of the bacterial community in the anaerobic sludge inoculum was 
different to that present in the biofilm or in the suspended culture of MFC-Ads (Figure 4.5, 
Table 4.1). The biofilm showed gradual change in banding pattern and band intensities 
(Figure 4.5), which was accompanied by an increase in the power output of the MFC 
(Figure 4.2). These results suggest that during MFC operation, the community was enriched 
in bacteria with higher electricity generation capability, as also reported by Rabaey et al. 
(2004) and Aelterman et al. (2006). The decrease in power density after day 33 was 
probably not related to changes in the community as discussed in section 3.10.4. The 
community profile of MFC-G 1 and MFC-G2 changed significantly between days 12 to 28 
(Figure 4.5), accompanied by an increase in power output (Figure 4.2). Analysis at the end 
of MFC operation showed that the suspended communities were very similar to the biofilm 
communities in all MFCs (Figure 4.5), suggesting that electricity-producing and 
fermentative bacteria were found both in the attached and suspended communities. Rabaey 
et al. (2004) reported that the similarity between attached and suspended bacterial 
community increased with time, with 95% similarity on day 155 in a glucose-fed MFC 
inoculated with anaerobic sludge. In contrast, some studies have shown differences in 
dominant bacteria between biofilm and suspended communities: wastewater and wheat 
straw microorganisms fed with wheat straw hydrolysate (Zhang et al. 2009b), activated 
sludge microorganisms fed with glucose and glutamate (Kim et al. 2006) and rumen 
microorganism fed with cellulose (Rismani-Yazdi et al. 2007). Variation in results obtained 
between different studies could be explained by differences in development of the bacterial 
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community, explained e.g. by the use of different substrates, inocula and the length of 
enrichment periods. 
Although using an acclimatised inoculum did not improve power generation, it 
significantly affected the bacterial composition (Figure 4.2, Table 4.1) and showed that 
similar power densities can be obtained with different microbial consortia. Consistent with 
this finding, Lyon et al. (2009) reported that several different microbial communities, 
developed under different external resistances, were capable of producing similar levels of 
power, demonstrating the flexibility of MFC communities. In this study the bacterial 
biofilm community of MFC-Ads was dominated by Clostridium indo lis and 
Anaerosporobacter mobilis belonging to classes of Clostridia within Firmicutes phylum 
and Desulfovibrio vulgaris belonging to 8-Proteobacteria within Proteobacteria phylum. In 
contrast, Pan toea agglomerans and Klebsiella oxytoca belonging to y-Proteobacteria were 
predominant in the biofilm of MFC-G 1 and MFC-G2. According to the description of these 
species, D. vulgaris and 0. anthropi in MFC-Ads and D. desulfuricans and A. butzleri in 
MFC-G 1 and MFC-G2 could have utilized organic acids, alcohols and H2 produced by the 
rest of the bacterial community (Holt 1994). Several other studies have shown the 
dominance of either (1-, ~-, y- or 8-Proteobacteria in glucose-fed MFCs (Phung et al. 2004; 
Choo et al. 2006; Jung and Regan 2007; Chae et al. 2009; Chung and Okabe 2009; Xing et 
al. 2009a). In some studies Firmicutes, also abundant in MFC-Ads, were found to be the 
second or third abundant member of the bacterial community (Choo et al. 2006; Jung and 
Regan 2007; Chung and Okabe 2009; Xing et al. 2009a). 
Most of the single bacterial cultures found to produce electricity, either via outer 
membrane cytochromes, nanowires or endogenous mediators, are Proteobacteria (Logan 
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2009). Three Gram-positive electricity-producing species that belong to Firmicutes have 
been reported: Clostridium butyricum EG3 (Park et al. 2001), Thermincola sp. strain JR 
(Wrighton et al. 2008) and Lactococcus lactis (Freguia et al. 2009). In this light, the 
abundance of members of Firmicutes, A. mobilis and C. indolis, in the present study could 
demonstrate the important role of these fermentative bacteria not only in the production of 
metabolites in syntrophic interaction with exoelectrogens (Freguia et al. 2008; Lee et al. 
2008) but also in direct electricity generation. D. desulfuricans that was also abundant in 
MFC-Ads, as well as another sulphate-reducing bacterium, Desulfobulbus propionicus, 
have also been shown to have exoelectrogenic activity (Holmes et al. 2004a; Zhao et al. 
2008 and 2009c). In addition Ochrobactrum anthropi, a known exoelectrogen (Zuo et al. 
2008), was detected in MFC-Ads. 
Klebsiella oxytoca and Pantoea agglomerans were predominant in the biofilm ofMFC-
Gland MFC-G2. Zhang et al. (2008b) have demonstrated electricity-generation by 
Klebsiella pneumoniae in MFC, and also K. oxytoca culture grown with ferric citrate has 
been shown electrochemically active (Kim et al. 2006), suggesting exoelectrogenic activity 
of K. oxytoca in MFCs Gland G2. Many of the exoelectrogens shown to generate 
electricity in MFCs are dissimilatory metal reducers (Park et al. 2001; Bond et al. 2003; 
Chaudhuri and Lovley 2003; Pham et al. 2003; Holmes et al. 2004a; Bond and Lovley 
2005; Bretschger et al. 2007; Borole et al. 2008; Wrighton et al. 2008). Therefore the 
abundance of facultatively anaerobic and fermentative P. agglomerans SP1, the strain 
which has also been shown to be capable of dissimilatory metal reduction by coupling the 
oxidation of acetate or H2 to e.g. Fe(III) reduction (Francis et al. 2000), would suggest 
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possible electrochemical activity of this species in MFCs G 1 and G2. Further studies would 
be required to elucidate the functions of these community members in MFC environment. 
Species including Lactococcus sp. F116, K. oxytoca, P. agglomerans, D. desulfuricans 
and Citrobacter gillenii were found both in the biofilm of MFC-G 1 and MFC-G2 and the 
acclimatised inoculum (MFC A and B), as analysed from anode samples taken at same time 
point as the acclimatised inoculum sample (Table 4.1 and Table 4.2). Bacteria detected in 
acclimatised inoculum and belonging to classes of Clostridia, Bacteroidetes and 
Spirochaeta were not found in the biofilm of MFC-G 1 and MFC-G2, which at least in 
terms of the species of Clostridia and Bacteroidetes could be due to the strictly anaerobic 
nature of these species (the Sphaerochaeta sp. found could be considered as strict or 
facultative anaerobe due to limited information available) (Holt 1994; Ueki et al. 2006; 
Nishiyama et al. 2009). As discussed earlier, the difference in community structure between 
the inoculum and MFC-G 1 and MFC-G2 was not surprising due to the exposure of the 
inoculum samples to air. 
Arcobacter butzleri and Anaerosporobacter mobilis were the only species detected in 
the biofilm of MFC-G 1 and MFC-G2 that were not found in the acclimatised biofilm 
inoculum but probably originated from the suspended culture sample taken from the 
acclimatised MFC and incorporated into the medium of MFC-G 1 and MFC-G2. More 
anaerobic conditions may have prevailed close to the anodic biofilm in the MFCs A and B 
and therefore A. butzleri, which grows optimally in microaerobic conditions (Vandamme et 
al. 1992), was not found in the biofilm of these MFCs in concentration detectable by 
DGGE. Although the artificial wastewater medium and anode material were similar in 
MFCs from which the acclimatised consortia were obtained compared to MFCs into which 
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they were inoculated, other parameters such as external resistance, flow rate and substrate 
loading may be reasons for the differences observed in these communities (Rabaey and 
Verstraete 2005; Christy 2008; Pham et al. 2008b; Lyon et al. 2009). High level of bacterial 
community reproducibility has earlier been achieved for defined mixed inocula consisting 
of oral bacteria (McKee et al. 1985; Basson 2000) and immobilized fecal bacteria (Cinquin 
et al. 2004) in chemostat culture. 
In conclusion, this study indicates that using an acclimatised microbial consortium from a 
sucrose-fed MFC as inoculum in another MFC lead to a different bacterial composition, but 
similar power density, as compared to an MFC inoculated with an unacclimatised 
community. Instead of using an acclimatised community as inoculum, a better approach for 
achieving high density of exoelectrogens on anodic biofilm could be the acclimatisation of 
MFC with non-fermentable substrates such as acetate, as proposed by Lee et al. (2008). In 
addition, the results suggest that using an acclimatised consortium as inoculum in another 
MFC results in reproducibility of the electricity-producing bacterial community, as shown 
in two replicate MFCs (Gland G2), especially if reactor configuration and operating 
conditions would be similar and if acclimatised samples and also all cell transfers during 
enrichment would be handled in anaerobic conditions. This finding is important in terms of 
the possibility of reproducing of e.g. a community capable of high power generation in 
another MFC setup or laboratory in order to study the functions of different community 
members and/or the syntrophic interactions between species. Inoculation with acclimatised 
consortia can result in similar communities in replicate MFCs; however this would not 
necessarily be the case when using unacclimatised inoculum with high microbial diversity. 
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This issue will be explored in Chapter 5 where bacterial and archaeal community 
composition dynamics in sucrose-fed MFCs are more extensively studied over a longer 
time period. 
Table 4.2 Bacteria identified in the acclimatised inoculum i.e. the identity of bacterial 16S 
rRNA gene sequences of bands excised from anode biofilm community profiles of MFC 
modules Al and BI on day 97 (DGGE gels ofMFCs A and B, Chapter 6). Anode biofilm 
samples were supplied by J .R. Kim, University of Glamorgan. 
Class (Phylum) GenBank database search result MFC where 
Clostridia (Firmicutes) 
Bacilli (Firmicutes) 
8-Proteobacteria 
(Proteobacteria) 
y-Proteobacteria 
(Proteobacteria) 
Bacteroidetes 
(Bacteroidetes) 
Spirochaetes 
(Spirochaetes) 
Clostridium puniceum strain BL 70/20 (NR_0261 05) 
Clostridium corinoforum strain OSM 5906 (X76742) 
Clostridium sp. NML 04A032 (EU815224) 
Eubacterium sp. BBOP70 (00337527) 
Lactococcus sp. F116 (EF204365) 
Desulfovibrio desulfuricans A TCC 29577 (AF 192153) 
Citrobacter freundii OSM 30039 (AJ233408) 
Citrobacter gillenii strain RT3(00223882) 
Klebsiella oxytoca strain AS1 (AM113853) 
Klebsiella oxytoca strain W-2 (AB476819) 
Pantoea agg/omerans SP1 (AF199029) 
Bacteroides graminiso/vens OSM 19988 (AB363973) 
Paludibacter propionicigenes strain WB4 (AB078842) 
Sphaerochaeta sp. T01 (00833400) 
present 
A1, B1 
A1, B1 
A1, B1 
A1, B1 
A1, B1 
A1, B1 
A1 
A1 
A1 
B1 
A1, B1 
B1 
A1, B1 
A1, B1 
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Chapter 5 Performance and bacterial and archaeal 
community dynamics in four replicate MFCs fed with 
sucrose 
5.1 Chapter overview 
A better understanding of the evolution of the microbial populations and their function 
within microbial fuel cells is needed to create MFC technology with improved performance 
for renewable electricity production and wastewater treatment. Bacterial communities 
found in MFCs are very diverse, and no typical electricity-producing consortium has yet 
been observed to develop. Although many MFC isolates have been shown to generate 
electricity in pure cultures, the power outputs of mixed community MFCs has not been 
correlated with the abundance of any specific species. Previous studies of microbial 
community dynamics of MFCs have either been done in batch-operated MFCs or included 
only a few time points (Rabaey et al. 2004; Aelterman et al. 2006; Jung and Regan 2007; 
Borole et al. 2009; Wang et al. 2009b; White et al. 2009; Zhang et al. 2009b). Most of these 
studies also relied on a single MFC for extracting conclusions about community 
development under specific operating conditions, which may not be enough considering the 
variability observed e.g. in the communities of replicate wastewater treatment bioreactors 
(Fernandez et al. 2000; Kaewpipat and Grady 2002; Collins et al. 2003; Gentile et al. 
2007). Therefore, in this work performance and (semi-)quantitative bacterial community 
dynamics of anodic biofilm and suspended culture were studied in four replicate MFCs 
continuously fed with sucrose. These studies included the analysis of archaeal communities 
since methanogenic archaea may form syntrophic interactions with fermentative and 
146 
exoelectrogenic bacteria, as shown for glucose and ethanol-fed MFCs (Freguia et al. 2008; 
Parameswaran et al. 2009a). 
5.2 MFC performance 
The reproducibility of the performance of sucrose-fed single-chamber MFCs was 
investigated using four replicate MFCs. The maximum power densities at the beginning of 
the continuous-mode operation ofMFCs a, b, c and d were 0.50, 0.39, 0.43 and 0.47 W m-3, 
respectively, reaching 1.03, 1.20, 1.54 and 1.79 W m-3, respectively, at the end of the 
experiment (Figure 5.la). MFCs a and band MFCs c and d showed similar maximum 
power densities from day 69 onwards (Figure 5 .1 b). Maximum power densities increased 
over the time course of the experiment (Figure 5.1 b ).b 
The Nafion membrane and the cathode were replaced in each MFC to assess the effect 
of membrane and cathode fouling on power output. The replacement ofNafion and cathode 
had a positive effect on power density, the increase in power after the replacements was 
observed most clearly in MFC d (day 58) where the maximum power output was measured 
before and after the replacement (Figure 5.1a). A white deposit was observed before the 
replacement on the cathode surfaces of MFC a, band c, the fouling being heavier in MFC 
c. MFC d showed no visible changes on the surface of cathode before the replacement. In 
all MFCs, a brown biofilm growth could be seen on the Nafion surface. Material from MFC 
c was analysed by EDX at the time of the replacement, and the analysis showed the 
presence ofNa, Sand P on both the Nafion and cathode surfaces (Figure 5.2 a and b). 
bOne of the MFCs (MFC c) failed after two weeks due to an error made in its operation and therefore a 
replacement MFC (MFC c) was started as previously using the same device but fresh materials, causing a 
difference in the sampling times ofMFC c compared to the other three MFCs. 
147 
3.0,--------------------. 2.0 
2.5 
.f' 
E ~ 2.0 
lii 
[ 1.5 
E E 1.0 
~ 
0.5 
A 
20 40 60 
lirre (days) 
80 100 
.f' 1.5 
E 
~ 
lii 
~ 1.0 Q. 
E 
E 
~ 0.5 
0.0 
B 
, 
, 
, 
20 
, 
, 
40 60 
lirre (days) 
80 
Figure 5.1 (A) Maximum power density versus time plots ofMFCs a (+), b (_), c (6) and 
d (0) in continuous-mode. Arrows indicate the replacement ofNafion and cathode. Values 
marked with brackets were affected by the replacement ofNafion and cathode a day before 
power measurement; (B) Maximum power density as mean ± SEM (n = 2) versus time for 
MFCs a and b (0) and MFCs c and d (e). Values marked with brackets are single values of 
MFC d. The large error bar of power density of MFCs a and b on day 42 can be explained 
by the recent replacement ofNafion and cathode ofMFC a (high value in graph A). 
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Figure 5.2 EDX spectrum ofNafion (A) and cathode (B) taken from MFC c after 25 days 
of operation showing the fouling by sodium, phosphate and possibly sulphur. 
Despite the differences observed in the power output, the four replicate MFCs showed 
similarity over time in the sucrose consumption and effluent pH during continuous-mode 
operation (Appendix V). Therefore these results are presented as average values (± SEM) 
of MFC replicates a, band d, where the time points of measurement were the same (Figure 
5.3) . The carbohydrate concentrations of MFC effluents were monitored in order to 
evaluate the efficiency of sucrose removal from the artificial wastewater. The consumption 
of the carbohydrate content of the influent medium was high, being (94 ± 1.0) % from day 
21 onwards (Figure 5.3a) . The pH of the medium from the anodic chamber at the end of the 
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batch-cycle and the pH of the effluent in continuous-mode was measured to detect possible 
shifts in the nature of metabolic products of the microbial consortium. The pH of the anodic 
medium was lower in MFCs a and b (5.95 and 6.05, respectively) than in MFCs c and d 
(6.35 and 6.22, respectively) at the end of the first batch-cycle, showing an increasing trend 
over time (Figure 5.3b). In general, a higher pH of anodic medium was observed in the 
MFC c over time compared to the other replicate MFCs; however, on day 13 the pH values 
were similar in all MFCs (6.60 ± 0.02). The effluent pH in continuous-mode decreased 
slightly over time from 6.98 ± 0.007 to 6.93 ± 0.01 (Figure 5.3c). 
Impedance spectroscopy was used to measure the ohmic internal resistance (electrode, 
membrane, interconnections and electrolyte resistances) of the MFCs in order to determine 
the extent of limitation of power output due to ohmic losses. The ohmic internal resistance 
for replicate MFCs at the start of operation was 27 ± 3.8 n (n = 4) if measured with sludge 
inoculum, and 17 ± 4.5 n (n = 4) if measured with medium only. At the end of operation 
the ohmic internal resistance of 15 ± 0.97 n (n = 4) was measured. 
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Figure 5.3 Time course plots of (A) total carbohydrate concentration of influent (e) and 
effluent (0) of MFCs a, band d (data shown as mean ± SEM; n = 3 MFCs, averages of 
duplicate measurements); (B) pH of anodic medium ofMFC a (.), b (_), c (6) and d (0) 
at the end of each batch cycle; (C) effluent pH of MFCs a, band d in continuous-mode 
(data shown as mean ± SEM; n = 3 MFCs). 
The electrochemical activity of microbial communities was studied usmg cyclic 
voltammetry at the end of the MFC operation. Cyclic voltammograms for replicate MFCs 
were similar, with MFC d showing slightly higher currents at high potentials (Figure 5.4). 
Differences in current generation in all MFCs were observed at around -0.2 to 0.1 V (vs. 
Ag/ AgCI electrode) between voltammograms of anode in suspended anodic culture or 
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anode in fresh medium as compared to a control test in aseptic conditions (i.e. where no 
microbes were present) (Figure 5.4). CV plots were not affected when the spent MFC 
medium was replaced by fresh medium, indicating that soluble electron carriers did not 
playa major role in the electron transfer to the anode. 
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5.3 Bacterial community analysis 
The composition, dynamics and taxonomy of bacterial communities of anodic biofilm and 
suspended culture were analysed by Denaturing Gradient Gel Electrophoresis (DGGE) 
analysis of Polymerase Chain Reaction (PCR)-amplified genes coding for partial 16S 
rRNA, followed by species identification by sequencing (Figure 5.5 - Figure 5.12). Good 
MFC performance (high power density) was attempted to relate to the relative species 
abundance data obtained from DGGE profiles. The reproducibility of bacterial community 
composition was evaluated using four replicate MFCs. 
As indicated by the differences in the band patterns of the initial samples (day zero) in 
comparison to all the other time points in all replicate MFCs, the composition of the 
community in the anaerobic sludge inoculum was very different to that present in the 
anodic biofilm or in the suspended culture (Figure 5.5). Species identification by 
sequencing confirmed that only one species with 96% sequence similarity to 
Sphaerochaeta sp. TQl was found in both inoculum and MFCs c (suspension) and d 
(biofilm and suspension) (Appendix IV, Table 1). 
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Figure 5.5 Bacterial community profile of the anodic biofilm (A) and suspended culture 
(B) analyzed by Denaturing Gradient Gel Electrophoresis (DGGE) of PCR-amplified genes 
coding for 16S rRNA; Std: Standard mix; lnoc: anaerobic sludge; *: chimeras . Numbered 
bands were excised for sequence analysis . The 16S rRNA genes of bands marked with -,-
were reamplified by PCR and run on another DGGE gel (Appendix IV, Figure 4 b and c) 
due to insufficient quality of sequences obtained. 
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5.3.1 Principal component and cluster analysis of bacterial community profiles 
Principal component and cluster analysis of bacterial DGGE profiles of anodic biofilm and 
suspension were performed in order to detect changes in communities over time and to 
compare the communities present in replicate MFCs. Both in the anodic biofilm and in 
suspension, communities of replicate MFCs evolved differently from the first sampling 
point (day 14), which is clearly seen in PCA plots as distances between each time point of 
different MFCs (Figure 5.6 a and b). The difference between replicate MFCs could also be 
observed in cluster analysis as separate clustering of samples of each MFC (clusters 1, 2, 3a 
and 4) (Figure 5.7 a and b). As an example, the similarities between anodic biofilm 
communities of replicate MFCs were 29-50% at the end of operation, based on Jaccard's 
similarity coefficient. C According to PCA and cluster analysis, both the biofilm and 
suspension changed over time within each MFC (Figure 5.6 and Figure 5.7). The 
subclusters of MFC a and MFC b (clusters 1 and 2) clustered together at higher similarity 
as compared to the situation observed in the samples of MFC c and MFC d. In addition, the 
samples of MFC c and MFC d clustered together with higher similarity as compared to 
clustering with other MFCs (clusters 3a, 3b and 4). This similarity is also observed by the 
closer distance between these MFCs in PCA plots. These results indicate that for both the 
anodic biofilm and the suspended culture, similarities can be drawn between the bacterial 
communities of MFCs a and b. Similar conclusions can be drawn for the communities of 
MFCs c and d. 
C Jaccard's similarity coefficient is defined as the number of bands shared between samples devided by the 
number of unique bands (Van Versevelde and Roling 2004) 
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Figure 5.6 Principal component (PCA) analyses of DGGE patterns of anodic biofilm (A) 
and suspended culture (B) over time in four replicate MFCs a (.), b (.), c (e) and d (.). 
Each point, named with reactor name and operation day, represents one lane in DGGE gel. 
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Figure 5.7 Cluster analyses of bacterial community profiles of anodic biofilm (A) and 
suspended culture (B). Each node in the tree, named with reactor name and operation day, 
represents one lane in DGGE gel. The trees were generated using Jaccard similarity 
coefficient and UPGMA clustering algorithm. 
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5.3.2 Bacterial community composition dynamics 
In order to link the abundance of a specific bacterial species, taxonomic group or metabolic 
group with the power output of the MFCs, the proportion trends of bacterial species in 
anodic biofilm and suspended culture were determined over time from DGGE profiles. The 
bands were correlated with bacterial strains by DNA sequence analysis of the 16S rRNA 
genes of the excised bands and by comparison to known 16S rRNA sequences in the 
GenBank database. 
The phylogenetic analysis revealed a diverse bacterial community both in the anodic 
biofilm and in the suspended culture, consisting of U-, ~-, Y-, 8- and E-subdivisions of the 
phylum Proteobacteria and the phyla of Firmicutes, Bacteroidetes, Actinobacteria and 
Spirochaetes (Figure 5.8). Based on relative abundances of species obtained from the 
DGGE profiles, the dominant bacterial species varied over time in the anodic biofilm and 
the suspension of all MFCs (Figure 5.9 - Figure 5.12). 
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Figure 5.8 Phylogenetic tree based on partial bacterial 16S rRNA gene sequences (named 
MFC-DGGE band nr) of anodic biofilm and suspended culture of four replicate sucrose-fed 
MFCs. Sequences found only in biofilm or suspension are marked with 'b' or's', 
respectively. The tree was constructed using distance matrix and neighbour joining 
algorithm with 1,000 bootstrappings. The bootstrap values ~ 99% are shown. An archaeon 
Methanosarcina barkeri (AJ012094) was used as out-group. The scale bar represents 10% 
sequence divergence. 
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MFC b (B), as obtained from DGGE profile. 
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Figure 5.10 Relative abundances of bacterial species in anodic biofilm of MFC c (A) and 
MFC d (B), as obtained from DGGE profile. 
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and MFC b (B), as obtained from DGGE profi le. 
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and MFC d (B), as obtained from DGGE profile. 
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Species abundance in the biofilm community 
Anodic biofilm of MFC a showed increasing relative abundances of sequences related to 
Clostridium indolis and Desulfovibrio vulgaris and decreasing abundance of 
Anaerosporobacter mobilis (Figure 5.9a). Also in the biofilm community of MFC b the 
proportion of C. indolis, as well as Rhodocyclus sp. HOD5, increased, whereas Bacteroides 
graminisolvens and Dysgonomonas mossii showed decreasing abundances (Figure 5.9b). 
An increase in the relative abundances of A. mobilis and Serratia plymuthica and a decrease 
in the abundances of B. graminisolvens and the uncultured bacterium clone CKI0 were 
observed in MFC c biofilm (Figure 5.10a). In MFC d, increasing proportion of A. mobilis 
and decreasing proportion of B. graminisolvens were detected similarly to MFC c. 
Additionally, the relative abundance of Bacteroides sp. 22C increased and C. indolis 
decreased in the biofilm of MFC d (Figure 5.1 Ob). 
In the anodic biofilm of MFC a at the end of the operation (day 91), sequences closely 
related to C. indolis (99%), D. vulgaris (99%), B. graminisolvens (99%), A. mobilis 
(100%), Comamonas denitrijicans (100%) were found in MFC a at highest abundances of 
41, 20, 12, 10 and 9%, respectively (Figure 5.9a). Bacteria with sequence similarity to C. 
indolis (99%), B. graminisolvens (99%), D. mossii (100%), Rhodocyclus sp. (96%), c. 
denitrijicans (100%) and Ochrobactrum anthropi (100%) were most abundant in MFC b, 
with relative abundances of 40, 17, 16, 10, 6 and 6%, respectively (Figure 5.9b). Bacteria 
with high sequence similarity to Serratia plymuthica (99%), A. mobilis (98%), C. 
denitrijicans (100%), D. vulgaris (99%) and C. indo lis (99%) were found in MFC c at 
highest abundances of 27, 24, 22, 9 and 8%, respectively (Figure 5.10a). In MFC d, A. 
mobilis (98%), S. plymuthica (99%), Arcobacter cryaerophilus (99%), Bacteroides sp. 
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(98%), C. denitrificans (100%) and D. vulgaris (99%) were most abundant with relative 
abundances of3I, 16, 14, 12,9 and 9%, respectively (Figure 5.IOb). 
Species abundance in the suspension community 
At the end of the MFC operation, Clostridium butyricum in MFC b was the only bacterium 
found at relatively high abundances in suspension (but not in biofilm) in relatively high 
abundance (Figure 5.11b). Low abundances of Paenibacillus amylolyticus in MFC a and 
Cohnella phaseoli and uncultured p-Proteobacterium clone SBRB34 in MFCs a and b were 
detected in the suspension but not in the biofilm over time (Figure 5.11 a and b). 
Similar to the observations in the anodic biofilm, the anodic suspension of MFC a 
showed increasing relative abundances of sequences related to C. indolis and D. vulgaris 
and a decreasing abundance of A. mobilis (Figure 5.11a). In addition, a decrease in the 
proportion of C. denitrificans was observed in the biofilm community of MFC a. In the 
biofilm community ofMFC b the proportion of Paenibacillus polymyxa increased, whereas 
similarly to the biofilm community, the proportion of B. graminisolvens and D. mossii 
decreased (Figure 5.11 b). An increase in the relative abundances of A. mobilis, also 
observed in biofilm, C. indolis and the uncultured bacterium clone CK10, and a decrease in 
the abundance of S. plymuthica were detected in MFC c suspended culture (Figure 5.12a). 
In MFC d, increasing proportions of A. mobilis and decreasing proportions of C. indolis and 
B. graminisolvens were detected in the suspension similarly to the biofilm, additionally the 
relative abundance of D. vulgaris decreased over time (Figure 5.12b). 
In the anodic suspension of MFC a at the end of the operation (day 91), sequences 
closely related to C. indolis (99%), D. vulgaris (99%) and A. cryaerophilus (99%) were 
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found in MFC a at highest abundances of 46, 10 and 10%, respectively (Figure 5.11a). 
Bacteria with high sequence similarity to C. indolis (99%), P. polymyxa (99%), C. 
denitrificans (100%) and C. butyricum (100%) were most abundant in MFC b, with relative 
abundances of 33, 20, 13 and 12 %, respectively (Figure 5.11 b). Bacteria closely related to 
C. indo lis (99%), B. graminisolvens (99%), A. mobilis (100%), C. denitrificans (100%) and 
the uncultured bacterium clone CKI0 (97%) were detected in suspension of MFC c at 
highest abundances of 23, 18, 17, 17 and 17, respectively (Figure 5.12a). In MFC d, A. 
mobilis (l 00%), A. cryaerophilus (99%), C. denitrificans (l 00%) and S. plymuthica (99%) 
were most abundant with relative abundances of 37, 33, 8 and 7%, respectively (Figure 
5.12b). 
Correlation analysis of bacterial species abundances with power density 
Correlation analysis was applied in order to link the development of the power output 
(Figure 5.1) with the relative abundance of any specific bacterial species in anodic biofilm 
and in suspension (Figure 5.9 - Figure 5.12). The maximum power densities of samples 
taken at day 42 in MFC a, day 57 in MFC b and day 58 in MFC d were excluded from the 
Pearson correlation analysis to avoid the effect of the perturbation caused by the 
replacement of N afion and cathode (Figure 5 .1 a). In the anodic biofilms of MFC a and 
MFC b, positive correlations for C. indo lis with power density were found (r = 0.94, P = 
0.019; r = 0.89, P = 0.046, respectively). In contrast, C. indolis correlated negatively (r = -
0.87, P = 0.023) with power in the MFC d. In addition, a negative correlation (r = -0.97, P = 
0.006) was found for the relative abundance of A. mobilis in MFC a, a positive correlation 
(r = 0.90, p = 0.038) for Rhodocyclus sp. in MFC b, and a positive correlation for A. mobilis 
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(r = 0.93, P = 0.008) and Bacteroides sp. (r = 0.84, P = 0.031) and a negative correlation (r 
= -0.84, P = 0.035) for B. graminisolvens with power density in MFC d. D. vulgaris 
correlated positively (r = 0.97, P = 0.03) with power in MFC c. 
Similarly to what was found in the biofilm of MFC a, a positive correlation was 
observed for C. indolis (r = 0.98, P = 0.003) and a negative correlation for A. mobilis (r = -
0.95, P = 0.014) with power output in the anodic suspension. MFC b showed positive 
correlations for Rhodocyclus sp. (r = 0.95, P = 0.015), as observed in the biofilm, and P. 
polymyxa (r = 0.99, P = 0.001). Again, similarly to what was observed in the biofilm, C. 
indolis correlated negatively with power (r = -0.81, P = 0.050) in the suspended community 
ofMFC d. 
From these results, no clear trend of dependence of power output on any bacterial 
species common to all replicate MFCs could be deduced. 
Dynamics of bacterial classes 
MFCs b, c and d showed increasing abundances of Clostridia and decreasing abundances of 
Bacteroidetes (Figure 5.13 b, c and d). An increase in the relative proportion of 8-
Proteobacteria and ~-Proteobacteria could be seen in MFC a and MFC b, respectively 
(Figure 5.13 a and b). MFC c showed increasing trend ofy- and 8-Proteobacteria (Figure 
5.13c). At the end ofMFC operation, Clostridia was the most abundant class in the anodic 
biofilm of all MFCs «38 ± 4.6) %, n = 4), followed by 8-Proteobacteria (20%) and 
Bacteroidetes (15%) in MFC a, Bacteroidetes (33%) and ~-Proteobacteria (16%) in MFC b, 
y_ (27%) and ~-Proteobacteria (22%) in MFC c and Bacteroidetes (18%) and y-
Proteobacteria (16%) in MFC d (Figure 5.l3a-d). 
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Decreasing abundances of Bacteroidetes were observed both in the anodic suspensions 
of MFC band MFC d over time (Figure 5.13 f and h). At the end of MFC operation, 
Clostridia was the most abundant class also in the anodic suspension of all MFCs ((44 ± 
3.0) %, n = 4), followed by 0- (11%) and E-Proteobacteria (10%) in MFC a, B-
Proteobacteria (20%) and Bacilli (20%) in MFC b, Bacteroidetes (18%) and B-
Proteobacteria (18%) in MFC c and E- (33%) and B-Proteobacteria (8%) in MFC d (Figure 
5.13 e-h). 
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Figure 5.13 Relative abundances of bacterial classes in the anodic biofilm of MFCs a (A), 
b (B), c (C) and d (D) and in the suspended culture of MFCs a (E), b (F), c (G) and d (H): 
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Dynamics of bacterial metabolic groups 
In order to detect trends in the abundances of different bacterial metabolic types over time, 
bacteria in anodic biofilm and suspended culture were grouped according to the type of 
energy metabolism of their closest relative identified via GenBank database. MFCs c and d 
contained generally less fermentative bacteria than MFCs a and b, e.g. at the end of 
operation the anodic biofilm comprised 41 % and 60% of fermenters on average in MFCs c 
and d, and MFCs a and b, respectively (Figure 5.14 a-d). By the end of the operation, the 
anodic biofilm of MFC c and MFC d showed some similarity in the proportions of different 
metabolic groups, with 32% and 49% of fermentative bacteria, 30% and 17% of facultative 
anaerobes, 22% and 9% of denitrifiers, 9% and 10% of sulphate-reducers and 7% and 14% 
of microaerophiles, respectively, and an additionally 1 % of aerobic bacteria found in MFC 
c (Figure 5.14 c and d). The abundance of sulphate-reducers increased over time in MFC a 
from 0% to 20%, whereas an increase in the abundance of denitrifiers from 1 % to 22% was 
observed in MFC b. 
The relative abundance of sulphate-reducers was generally higher in the biofilm 
compared with the suspension. Decreasing relative abundances of aerobic bacteria were 
found in both the biofilm and suspension ofMFC c (Figure 5.14 c and g), whereas in MFCs 
a, band d, aerobes were detected only in the suspension (Figure 5.14 e, f and h). However, 
by day 91 low amounts (~1 %) of aerobes were found only in the suspension of MFCs a and 
d and in the biofilm of MFC c. In addition, larger proportions of microaerophiles were 
generally present in the suspension compared with the biofilm. 
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5.3.3 Bacterial community diversity and internal community structure 
A parameter that can be used to estimate diversity of microbial communities taking into 
account the genetic variation (per cent GC content in bacterial 16S rRNA genes) is the 
range-weighted richness index (Rr), based on the number of bands (species) III a 
community and the percentage of denaturing gradient required to describe the total 
diversity of the community on the DGGE gel (Marzorati et al. 2008). The wider the 
gradient needed, the more species with genetic variability are hosted by the environment. 
The Rr was calculated for the DGGE pattern of each time point (lane) to characterize the 
diversity and shifting of the bacterial anodic biofilm and suspended communities in 
replicate MFCs. The anaerobic sludge inoculum showed a high Rr value of 85 (day 0) 
(Figure 5.15). The Rr ofbiofilm communities ofMFCs a, band d was 4 on day 14, and 11, 
16 and 16, respectively, at the end (Figure 5.15a). The Rr ofMFC c varied between 10 and 
20 (Figure 5.15a). The species richness in the suspension was somewhat higher than in the 
biofilm, with Rr of 36, 18, 15 and 23 at the end in MFCs a, b, c and d, respectively (Figure 
5 .15b). According to the classification of Marzorati et al. (2008) these Rr values (between 
10 and 30) corresponded to medium range-weighted richness. 
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Figure 5.15 Time course plots of the range-weighted richness (Rr) of bacterial (A) anodic 
biofilm and (B) suspended culture communities ofMFCs a (.), b (_), c (6) and d (0). 
Evenness is a parameter used to compare the population size of each species In a 
community. It can be graphically represented by the so-called Pareto-Lorenz curves, where 
species are ranked from high to low based on their abundance, and subsequently the 
cumulative proportion of species is plotted as the x-axis and the cumulative proportion of 
species abundances is represented in the y-axis (Marzorati et al. 2008). The more the curve 
deviates from the 45° diagonal line (theoretical perfect evenness), the less even the 
community is considered to be. Pareto-Lorenz curves can be used to relate community 
structure to the capacity to preserve the functionality of the community even in perturbed 
conditions. 
Pareto-Lorenz evenness curves, based on the numbers of bands and their intensities, 
were plotted over time for each MFC to visualize species abundance ratios and to assess 
functional redundancy in biofilm communities. It was observed over time (n = number of 
time points) for the anodic biofilms of MFCs a, b, c and d that 20% of the bands 
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corresponded with (53 ± 3.8) % (n = 6), (54 ± 1.6) % (n = 6), (46 ± 4.2) % (n = 4) and (51 ± 
5.2) % (n = 6) of the cumulative species abundances, respectively (Figure 5.16). In the 
communities of suspended culture of MFCs a, b, c and d, 20% of the bands corresponded 
with (63 ± 4.2) % (n = 6), (57 ± 3.5) % (n = 6), (45 ± 5.9) % (n = 4) and (55 ± 5.0) % (n = 
6) of the cumulative species abundances, respectively (Figure 5.17). These results indicate 
the presence of a balanced anodic biofilm and suspended community with medium 
functional organization according to Marzorati et al. (2008). This means that overall only a 
small group of species were dominant in all MFCs at each moment, while the rest was 
present in decreasing lower abundances, available to replace the dominant species. 
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Figure 5.16 Pareto-Lorenz distribution curves derived from DGGE patterns of the anodic 
biofilm bacteria ofMFCs a, band d on days 14, 28, 41, 56, 70 and 91, and MFC c on days 
25,40, 54 and 75. 
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Figure 5.17 Pareto-Lorenz distribution curves derived from DGGE patterns of the anodic 
suspended bacteria of MFCs a, band d on days 14, 28, 41, 56, 70 and 91, and MFC con 
days 25, 40, 54 and 75. 
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5.3.4 Archaeal community composition dynamics 
Archaea can contribute to the organic removal in MFCs fed with fermentable substrates , 
but also cause a loss of electrons through the production of CRt. Therefore the dynamics of 
the archeal communities in the MFCs was studied by PCR-DGGE, followed by species 
identification by sequencing. The DGGE patterns of the archaeal communities of anodic 
biofilm and suspension were very similar and most species were already detected in the 
inoculum (day 0) (Figure 5.18 a and b). Only 1-3 different species were dominant at any 
time point and no significant change in communities over time was observed, with the 
exception ofMFC d (Figure 5.18 and Figure 5.19). An archaeon with sequence similarity to 
Methanosaeta concilii (98-99%) was the main species found in all MFCs (bands 1,2 and 4) 
(Figure 5.l8 and Figure 5.19). In MFC d, sequences closely related to Methanosarcina 
barkeri (99%) were detected at the end (days 70 and 91) in both the biofilm (band 3) and 
suspension (band 5). In addition, a species with 98% sequence similarity to an uncultured 
archaeon clone W30D and distantly related to Thermoplasma volcanium (81%) was a 
member of the suspended microbial community in MFC d (days 56-91). Most species 
belonged to the archaeal class of Methanomicrobia, with one species in MFC d being 
classified among Thermoplasmata (Figure 5.19). 
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A 
I MFCc Istd I 70 91 25 40 54 75 
B 
Figure 5.18 Archaeal community profile of the anodic biofilm (A) and suspended culture 
(B) analyzed by DGGE of peR-amplified genes coding for 16S rRNA; Std: Standard mix; 
Inoc: anaerobic sludge. Arrows indicate bands excised for sequence analys is. Same number 
is given for bands which have identical 16S rRNA gene sequences . 
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Figure 5.19 Phylogenetic tree based on partial archaeal 16S rRNA gene sequences of 
anodic biofilm and suspended culture of four replicate sucrose-fed MFCs. Sequences found 
only in biofilm or suspension are marked with 'b' or's', respectively. The tree was 
constructed using distance matrix and neighbour joining algorithm with 1,000 
bootstrappings. The bootstrap values :s; 99% are shown. A bacterium Clostridium indolis 
(Y18184) was used as out-group. The scale bar represents 10% sequence divergence. 
5.4 Discussion 
In the work described in this chapter, the aim was to relate the MFC performance to the 
relative abundances of bacterial species over time. The reproducibility of the sucrose-fed 
MFCs was studied in terms of performance and development of microbial communities 
using four replicate MFCs. 
5.4.1 MFC performance 
The maximum power densities increased over time in four replicate MFCs, reaching 1.03 
and 1.20 W m-3 in MFCs a and b, respectively, whereas MFCs c and d showed higher, 
similar power densities of 1.54 and 1.79 W m-3, respectively, at the end of operation 
(Figure 5.1). These values compare well with those previously reported for sucrose-fed 
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MFCs, as calculated here per liquid volume unit of anode chamber. He et al. (2005) 
obtained a maximum power density of3.17 W m-3 with an upflow MFC operated at 350C 
using reticulated vitreous carbon electrodes and hexacyanoferrate as cathode catalyst. 
Ghangrekar and Shinde (2007) achieved a maximum power of 0.018 W m-3 using a 
membrane-less MFC with graphite rod electrodes at temperature ranging from 29 to 33°C. 
Maximum power densities of 5-6 W m-3 were obtained in different modules of tubular 
MFCs using carbon cloth electrodes and an air-cathode at 26°C (Kim et al. 2009b). 
In contrast to the results reported here, in the study by Jung and Regan (2007) three 
glucose-fed MFCs yielded a reproducible maximum power output of 40.3 ± 3.9 mW m-2 
(mean ± SD). However, these reactors were operated in batch-mode under well controlled 
conditions with stirring of the anode chambers at 30°C. Aelterman et al. (2006) reported 
high similarity in the current generation of six acetate-fed MFCs (74.7 ± 5.8 rnA) after 200 
days of operation. Our study indicates that two of the replicate MFCs can yield very similar 
power outputs. Good reproducibility of power density with two replicate reactors has also 
been reported by Kim et al. (2009b) using tubular sucrose-fed MFCs and by W righton et al. 
(2008) exploiting thermophilic microbial communities in MFCs fed with acetate. 
Nation membrane and cathode were replaced in each MFC to evaluate the effect of 
fouling on power output. The EDX analysis showed the presence of Na, Sand P on both 
the Nation and cathode surface (Figure 5.2 a and b). Sodium and phosphorus probably 
originated from the anode medium since sodium and phosphate ions can pass through 
Nation membrane. The sulphur content of the Nation and cathode could originate from the 
oxidation of microbially produced H2S or the sulphate of the minerals in the anode 
medium, diffusing through Nation membrane (Zhao et al. 2008), but may also be due to the 
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sulfonic acid groups in the structure of the membrane (O'Hayre et al. 2006) and the Nation 
ion-exchange resin painted on the cathode surface, respectively. The biological and 
chemical fouling of the Nation membrane and/or chemical fouling of the cathode over time 
had an effect on power output, observed most clearly in MFC d where the maximum power 
output was measured before and after replacement of Nation and cathode (Figure 5.la). 
However, the improvement in power density was only temporary. Biotilm formation was 
observed on the Nation surfaces of all MFCs, whereas visual fouling of the cathode was 
only observed in MFCs a, band c. Therefore the biological fouling of Nation (biofilm 
growth) is proposed to be the main reason for the temporal increase in power after the 
replacement of Nation and cathode. This tinding is supported by the study of Chung and 
Okabe (2009), where a temporal increase in power generation resulted from the 
replacement of Nation, and the observed biofouling of Nation was thought to lower the 
power output. The diffusion of air from the cathode may sustain the growth of aerobic 
bacteria on the membrane, an issue which could be solved by using an anaerobic 
biocathode where oxygen diffusion to the anode chamber would be eliminated (He and 
Angenent 2006), allowing more accurate detection of electricity-producing capacities of 
anode communities. 
Although differences were observed in the maximum power density among replicate 
MFCs, their performance showed similarity over time in terms of sucrose consumption and 
effluent pH (Figure 5.3). In addition, the ohmic internal resistance measured at the end of 
operation was very similar in all MFCs, indicating that the differences observed in the 
power densities of these MFCs could not be attributed to the differences in ohmic internal 
resistance. The difference between the maximum power densities of MFCs a and b 
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compared to MFCs c and d could be related to the difference observed between these sets 
of MFCs during the initial batch-mode operation in the pH of the anodic medium (Figure 
5.3b), most likely associated with divergence in microbial metabolism. 
Cyclic voltammetry studies indicated that soluble redox mediators, generated by 
species in biofilm or suspension, did not play a major role in the MFC performance, 
suggesting a direct electron transfer mechanism between the microorganisms in the biofilm 
and the anode (Figure 5.4). Other studies operated in batch (Liu et al. 2005b; Kim et al. 
2007b; Chae et al. 2009) or continuous-mode (Chung and Okabe 2009), as in the present 
study, have likewise suggested that the current generation was primarily directly via redox 
components within the biofilm matrix rather than dissolved mediators. Moreover, even if 
produced, the continuous-flow conditions do not favour accumulation of mobile redox 
compounds in the anodic medium. 
5.4.2 Bacterial community analysis 
The bacterial community composition and dynamics of the anodic biofilm and suspended 
culture was studied in four replicate MFCs based on PCR-DGGE method, followed by 
species identification by sequencing. PCA and cluster analysis revealed that both in the 
anodic biofilm and suspension samples the bacterial communities evolved differently in 
replicate MFCs, with more similarity observed in communities of MFCs a and band MFCs 
c and d (Figure 5.6 and Figure 5.7), reflecting the differences in power densities observed 
between these sets of MFCs (Figure 5.1). The similarities between anodic biofilm 
communities of replicate MFCs were 29-50% at the end of operation. In contrast, 
Aelterman et al. (2006) showed high reproducibility (2:97%) of bacterial biofilm 
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communities in an acetate-fed stack MFC consisting of six individual MFCs after 200 days 
of operation. Bacterial communities of two thermophilic (56°C) acetate-fed MFCs were 
found to be similar (>89%) to each other after 100 days of operation (Wrighton et al. 2008). 
The difference observed between the present and other MFC studies could be attributed to 
e.g. reactor configuration and operation conditions and the type of substrates used, with 
sucrose as a fermentable substrate supporting the growth of more diverse communities 
including fermentative bacteria (Chae et al. 2009). The lack of reproducibility of bacterial 
communities has been reported in other studies of biological wastewater treatment 
(Fernandez et al. 2000; Kaewpipat and Grady 2002; Collins et al. 2003; Gentile et al. 
2007). 
The relative abundance of anyone bacterial species showed no correlation, common to 
all replicate MFCs, to the maximum power output over time (Section 5.3.2). However, the 
fermentative species A. mobilis and C. indo lis correlated positively or negatively with 
power depending on the MFC under observation, probably indicating succession within 
functionally similar species. Shifts in relative abundances of fermentative bacteria within 
the anodic biofilm of each MFC also suggests temporal changes among species with 
metabolical similarity, namely the succession from A. mobilis to C. indo lis in MFC a, from 
B. graminiso/vens and D. mossii to C. indo lis in MFC b, from B. graminiso/vens and an 
uncultured bacterium clone distantly related to Eubacterium sp. to A. mobilis in MFC c, and 
from B. graminiso/vens and C. indolis to A. mobilis and Bacteroides sp. in MFC d (Figure 
5.9 and Figure 5.10). Dynamic changes among fermentative bacteria were also detected in 
the suspended culture (Figure 5.11 and Figure 5.12). At the end of operation, C. indo lis was 
the predominant fermentative bacterium in the anodic biofilm ofMFCs a and b, whereas A. 
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mobilis dominated in MFCs c and d. The most abundant non-fermentative species were D. 
vulgaris and C. denitrificans in MFC a, Rhodocyclus sp., C. denitrificans and 0. antropi in 
MFC b, C. denitrificans and D. vulgaris in MFC c, and A. cryaerophilus, C. denitrificans 
and D. vulgaris in MFC d, which could have used organic acids and in case of Rhodocyclus 
sp. and D. vulgaris also H2, produced by sucrose-fermenting bacteria. C. denitrificans and 
0. antropi represent known exoelectrogenic species (Zuo et al. 2008; Xing et al. 2009b). C. 
denitrificans appeared or increased in relative abundance in anodic biofilm of all MFCs by 
day 25-28, accompanied with disappearance of a species belonging to the same genus but 
without denitrifying capability (Wauters et al. 2003) (Figure 5.9 and Figure 5.10), 
suggesting the competence of bacteria possessing denitrifying metabolic pathway in the 
anodic biofilm. The positive correlation of relative abundance of Rhodocyclus sp. HODS 
related species with power density in MFC b further demonstrated the important role of this 
H2-oxidizing, denitrifying bacterium (Smith et al. 2005) in the electricity generation. The 
major possibly significant difference in species composition between MFCs a and band 
MFCs c and d is the abundance of S. plymuthica in MFCs c and d, whereas in MFC a and b 
this species was not present. S. plymuthica belongs to the family Enterobacteriaceae and is 
facultatively anaerobic, growing by fermentation or nitrate reduction in anaerobic 
conditions (Holt et al. 1994). Members of Enterobacteriaceae, K. oxytoca, R. 
ornithinolytica and Enterobacter sp., have been shown electrochemically active by cyclic 
voltammetry (Kim et al. 2006), and electricity generation by K. oxytoca sp. from glucose 
has also been demonstrated (Kim et al. 2006). A pure culture of Klebsiella pneumoniae 
could also produce electricity from glucose and starch in MFC (Zhang et al. 2008b). Higher 
relative abundances of S. plymuthica in biofilm ofMFCs c and d (27% and 16% at the end) 
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compared to suspension (5% and 7% at the end) and therefore the higher affinity to grow in 
the anode further implied potential importance of this species in electricity generation. 
Dynamic changes observed in the bacterial classes of biofilm and suspended bacterial 
communities reflected the changes observed in the relative species abundances. At the end 
of MFC operation, Clostridia of the Firmicutes phylum was the most abundant bacterial 
class in the anodic biofilm and the suspended communities in all replicate MFCs (Figure 
5.13). The next abundant bacterial classes (2:10%) including Bacteroidetes, ~-, Y-, 0- and c-
Proteobacteria and Bacilli varied between biofilm and suspended communities and between 
replicate MFCs. Several studies have shown the dominance of either (1.-, ~-, y- or 0-
Proteobacteria in glucose-fed MFCs (Phung et al. 2004; Choo et al. 2006; Jung and Regan 
2007; Chae et al. 2009; Chung and Okabe 2009; Xing et al. 2009a). In most of these studies 
Firmicutes were also found to be important members (10% - 27%) of the bacterial 
community (Choo et al. 2006; Jung and Regan 2007; Chung and Okabe 2009; Xing et at. 
2009a). Similar to this study, Firmicutes dominated in the anode-attached community of a 
glucose- and lactate-fed MFC (Borole et al. 2009), a cellulose-fed MFC (Rismani-Yazdi et 
al. 2007) and acetate-fed MFCs (Aelterman et al. 2006; Wrighton et al. 2008; Xing et at. 
2009b). 
Most significant temporal dynamic changes in anodic biofilm occurred within 
fermentative bacteria, however shifts in the abundances of the putative exoelectrogens of 
lower relative abundance discussed earlier were also observed in all replicate MFCs. 
Increase in relative abundance of C. denitrificans by day 28 and temporal changes in 
abundances of either D. vulgaris, Rhodocyclus sp. or A. cryaerophilus after day 28 (Figure 
5.9 and Figure 5.10) could have resulted in the increase in the maximum power density 
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over time in each MFC (Figure 5.1). Aelterman et aL (2006) reported a three-fold increase 
in maximum power density of acetate-fed continuous-mode MFCs, thought to be attributed 
to the appearance of Brevibacillus sp. of Firmicutes as the dominant bacterium (59% of 
sequenced clones). The isolates obtained by Rabaey et aL (2004) from glucose-fed batch-
mode MFC generated electricity via self-produced mediators such as pyocyanin by 
Pseudomonas aeruginosa. Therefore the increase of the power output over time in the 
mixed community MFC was thought to result from increasing abundance of these 
mediator-producing bacteria and/or their enhanced self-mediating capability but these 
hypotheses could not be confirmed. The quantitative community dynamics have thus far 
only been studied by White et aL (2009), who investigated community dynamics over one 
batch-cycle in a plankton-fed MFC operated with fixed cell-voltage, targeting some specific 
bacterial classes (y- and E- Proteobacteria) or genus (Geobacter, Arcobacter, 
Flavobacterium-Cytophaga-Bacteroides or FCB). At the onset of power production an 
increase in the relative abundance of y-Proteobacteria was observed, with a later succession 
from y-Proteobacteria to Geobacter and to FCB phylotypes, indicating the capability of 
different phylotypes to compete for resources, including the anode (White et aL 2009). In 
the present study we attempted to link the power density to the relative abundances of 
species over time in four replicate MFCs continuously fed with sucrose. However, whether 
the power output increased over time, with sucrose consumption remaining relatively 
constant, due to enrichment of putative exoelectrogens or whether it was possibly due to 
adaptation of the electricity-generating community by improving metabolic pathways and 
synergistic interactions such as interspecies electron transfer could not be answered based 
on the results of this study and requires further investigations. These could include 
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metagenomics or metatranscriptomics approaches involving random sequencing of whole 
community DNA/cDNA (Frias-Lopez et al. 2008; Gilbert et al. 2008; Urich et al. 2008) to 
detect the key contributors and their functions over time in electricity-generating 
communities. 
According to the metabolic description of the closest relative of the species found, 
MFCs c and d contained lower relative abundance of fermentative bacteria (41 %) compared 
to MFCs a and b (60%) (Figure 5.14), which may be related to the higher power densities 
observed in these MFCs (Figure 5.1). By the end of operation, the biofilm of MFCs c and d 
also showed similarity in the proportions of other metabolic groups. In the biofilm of all 
MFCs, fermenters were the largest metabolic group found, followed by facultative 
anaerobes, denitrifiers and sulphate-reducers or microaerophiles. The closest relatives of 
some of the facultative anaerobes detected could switch from oxygen to nitrate reduction in 
anoxic conditions, whereas some had both respiratory and fermentative metabolism, 
reflecting their possible roles in MFCs as anode-reducers/fermenters. Exoelectrogenic 
capability has been shown mainly for species with different types of anaerobic respiratory 
metabolism, namely dissimilatory metal-reduction (Bond and Lovley 2003; Bretschger et 
al. 2007; Holmes et al. 2004c), denitrification (Rabaey et al. 2004; Zuo et al. 2008; Xing et 
al. 2009b), sulphate- or sulphur-reduction (Bond et al. 2002; Holmes et al. 2004a; Zhao et 
al. 2008). Among these metabolic types denitrifiers and sulphate-reducers were abundant in 
the sucrose-fed MFCs of the present study. These putative electricity-producing metabolic 
classes consisted (26 ± 3) % (n = 4) of the total bacterial community at the end of MFC 
operation. The possible importance of sulphate-reducers in electricity production was also 
suggested by a positive correlation of relative abundance of the sulphate-reducer D. 
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vulgaris in MFC c, by the increase of their relative abundance over time in MFC a and by 
the higher affmity to grow in the biofilm than in the suspension, as observed in the higher 
relative abundances of these species in the biofilm compared to the suspension of replicate 
MFCs. The presence of aerobic and microaerophilic bacteria mainly in the suspended 
culture likely resulted from the diffusion of oxygen from the air-cathode, however the only 
microaerophile detected, A. cryaerophilus, is also capable of anaerobic growth and a 
member of the Arcobacter genus, A. butzleri is an identified exoelectrogen (Vandamme et 
al. 1992; Fedorovich et al. 2009), which could explain its abundance also in the biofilm 
community. 
Communities of all replicate MFCs could be characterized by a medium range-
weighted richness (Marzorati et al. 2008). Diverse communities are preferred in terms of 
functional stability of MFC. Higher species richness increases the functionality of 
communities and the functional stability (Tilman 1996; Bell et al. 2005). However, the 
species richness alone does not guarantee functional stability. It has been suggested that 
functional redundancy is more important factor in determining the stability of system 
(Fernandez et al. 2000; Briones and Raskin 2003). The interspecies abundance ratios were 
visualized by constructing Pareto-Lorenz evenness distribution curves. Over the time 
course of the experiment, the communities in these replicate MFCs had high amount of 
some species while many others were available in decreasing lower amounts to proliferate 
and replace the dominant species according to the concept of functional redundancy 
(Fernandez et al. 2000; Wittebolle et aL 2008), supported by the succession observed within 
the dominant fermentative species (Figure 5.9 - Figure 5.l2). Communities with such a 
structure can potentially preserve their functionality in sudden stress condition (Marzorati 
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et al. 2008). Communities in acetate-fed MFCs have also been characterized with medium 
to high range-weighted richness and similar internal community structure than observed in 
this study, as analysed by Pareto-Lorenz curves (Aelterman et al. 2008c). 
5.4.3 Archaeal community analysis 
Archaeal communities showed much less diversity than the bacterial communities. 
Methanosaeta concilii was the dominant archaeal species in the anodic biofilm and 
suspension of all replicate MFCs, with the exception of Methanosarcina barkeri and an 
uncultured archaeon clone detected in MFC d at the end of operation (Figure 5.18 and 
Figure 5.19). M concilii is an acetate-fermenter whereas M barkeri grows either on acetate 
or hydrogen (Garcia et al. 2006). Thus, methanogenic archaea were competing with 
exoelectrogenic bacteria mainly for acetate in these sucrose-fed MFCs, as shown for 
acetate-fed MFCs in the study by Virdis et al. (2009). In studies with glucose, ethanol or 
cellulose as substrate H2-oxidizing methanogens were found to compete or even out-
compete the H2-utilizing exoelectrogens, whereas acetoclastic methanogenesis was not 
detected (Freguia et al. 2008; Ishii et al. 2008b; Parameswaran et al. 2009a). Acetoclastic 
and hydrogenotrophic methanogens accounted for around 19% and 5%, respectively, of the 
total microbial community in a glucose-fed MFC (Chung and Okabe 2009). Both 
acetoclastic (Methanosaeta sp.) and hydrogenotrophic (Methanobacterium sp. and 
Methanospirillum sp.) methanogens were also members of anodic biofilm community in a 
glucose- and lactate-fed MFC (Borole et al. 2009). The presence of acetoclastic 
methanogens in the sucrose-fed MFCs of this study represents a loss of electrons to 
methane, giving rise to a need of suppressing these methanogens e.g. by periodic aeration 
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10 order to promote the growth of acetate-oxidizing exoelectrogens (e.g. facultative 
denitrifiers would not be suppressed by aeration) and to improve the current output of 
MFCs. 
In conclusion, both the anodic biofilm and the suspended communities evolved differently 
in four replicate sucrose-fed MFCs, demonstrating the importance of assessment of 
reproducibility in order to gain meaningful conclusions in microbial community studies of 
MFCs. The presence of some species in the communities could be correlated to the power 
output, although the correlations were not consistent in all the MFCs. However, in all 
replicate MFCs the putative exoelectrogenic denitrifiers and sulphate-reducers accounted 
for (26 ± 3) % (n = 4) of the bacterial biofilm community at the end of the study. The 
presence of S. plymuthica, the only y-Proteobacterium found, in high abundance only in 
MFCs c and d could have explained the higher power output obtained in this set of MFCs 
compared to MFCs a and b. Pareto-Lorenz curves of all MFCs over time indicated 
community structure where shifts between functionally similar species occur, as observed 
within the dominant fermentative bacteria, and where stable MFC performance is likely to 
be maintained in changing environmental conditions. Acetoclastic methanogenic archaea 
were present in all replicate MFCs, possibly competing with exoelectrogens for acetate, 
indicating a loss of electrons to methane and giving rise to a need of suppressing these 
orgamsms. 
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Chapter 6 Spatial and temporal development of 
bacterial and archaeal communities in tubular MFCs 
6.1 Chapter overview 
Longitudinal tubular microbial fuel cells consisting of two modules have been developed 
for the efficient removal of organic contaminants from wastewater with simultaneous 
energy recovery and a possibility for scale-up (Kim et al. 2009b). In such tubular design, 
degradation of complex organic matter could be distributed along the length of the reactor 
or between successive modules (Angenent and Sung 2001; Roy et al. 2009). 
Conversion of fermentative substrates such as glucose and ethanol to electricity can be 
a syntrophic process between fermentative and exoelectrogenic microorganisms (Freguia et 
al. 2008; Lee et al. 2008; Parameswaran et al. 2009a). In addition, degradation of 
fermentable contaminants in the anodic biofilm and suspension is shown to occur via 
syntrophic interactions among fermentative bacteria, exoelectrogenic bacteria and 
methanogenic archae a (Freguia et al. 2008; Parameswaran et al. 2009a). Monitoring the 
composition and function of these communities over time and length of the tubular reactor 
could provide important information for ecological engineering of microbial communities 
in order to improve wastewater treatment and energy recovery capacities of this MFC. 
In the work described in this chapter, the spatial and temporal distribution of bacterial 
and archaeal communities was studied in duplicate tubular reactors operated in continuous-
mode. The succession of microbial communities was studied in an attempt to relate this to 
reactor performance in order to detect species with important functional role in electricity 
production. Sucrose, a fermentative substrate, was used as a model substrate for wastewater 
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treatment of complex orgamc contaminants. It was hypothesized that the microbial 
community development would be spatially and temporally different in the two modules of 
the tubular reactor (Figure 6.1 b). Different stages of sucrose degradation were expected to 
occur along the length of the tubular reactor by microbial communities with different 
composition and function. Duplicate reactors were anticipated to show similarity in power 
output and microbial community development. The analysis of the microbial communities 
performed in this work was done on samples obtained from tubular MFCs designed and 
operated by Dr J. R. Kim (Sustainable Environment Research Centre, University of 
Glamorgan). There are no previous studies reporting the microbial community dynamics of 
tubular MFCs. 
6.2 MFC performance 
As mentioned in the previous section, the design and operation of the tubular MFCs was 
performed by Dr J. R. Kim, at the University of Glamorgan. In order to understand the 
performance of the tubular MFC and its correlation with the dynamics of the microbial 
communities, a summary of the results is presented here. 
The longitudinal tubular microbial fuel cells consisted of two modules (AI and A2 or 
Bl and B2 in duplicate reactor) that were hydraulically connected but electrically 
independent. The MFC voltage slightly increased from 0.03 ± 0.004 V at the start of the 
continuous-mode operation on day 21 to 0.07 ± 0.010 V on day 27, after which a 
significant increase (for t-test; p < 0.0001, n = 4) in voltage was observed, reaching 0.38 ± 
0.006 V on day 41 (Figure 6.1a). The MFC voltage remained relatively constant thereafter. 
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Power density was measured separately for each module of the duplicate reactors at the end 
of the MFC operation. The maximum power density of modules Al and A2 (reactor A) 
were 6.2 W m-3 and 5.7 W m-3• The modules Bl and B2 (reactor B) showed maximum 
power densities of 5.9 W m-3 and 5.6 W m-3• Sucrose was degraded to VFAs (acetate, 
propionate, butyrate) in the first modules (AI and Bl) and the VFA concentration slightly 
decreased in the second modules (A2 and B2) (Figure 6.1 b and Table 6.1). In addition to 
voltage generation, the COD, sucrose and VF A concentrations were relatively stable in all 
reactors over time (Table 6.1), indicating that the steady-state was reached in terms of 
electrical output and liquid composition. 
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Figure 6.1 (A) Voltage generation of MFC modules AI , A2, BI , B2. Each module was 
independently connected to an external load circuit (1000 ohm). Data shown as mean ± 
SEM; (B) sucrose degradation and VF A production in tubular reactor. Data and graph (b) 
provided by Dr J. R. Kim, University of Glamorgan. 
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Table 6.1 COD, sucrose and VFA analysis results of influent effluent a d tw I' 
, P d ' ' n 0 samp mg pOln~s 2 an P3 (FIgure 6.1 b) of tubular reactors during continuous-mode operation Data 
proVIded by Dr J. R. Kim, University of Glamorgan). ' 
MFCA Influent 
P2 
P3 
Effluent 
MFC B Influent 
P2 
P3 
Effluent 
ND - not detectable. 
COD 
m L-1 
842 ± 5 
670 ± 5 
602 ± 7 
563 +4 
831 ± 5 
668 ±4 
607 ± 3 
571 + 5 
21 ± 1 320 ±4 
NO 378 ±4 
NO 341 + 8 
726 ± 4 0 
18 ± 2 312 ± 12 
NO 365 ± 10 
NO 336 + 13 
Data shown as mean ± SEM, n = 9 (number of values over time). 
6.3 Bacterial community analysis 
111 ± 5 121 ± 6 
85 ±4 102 ± 3 
95 +3 41 + 3 
0 0 
120 ± 7 116 ± 7 
94 ±6 95 ±4 
84 + 3 43 + 3 
The composition, dynamics and taxonomy of bacterial communities of anodic biofilm were 
analysed by Denaturing Gradient Gel Electrophoresis (DGGE) analysis of Polymerase 
Chain Reaction (PCR)-amplified genes coding for partial 16S rRNA, followed by species 
identification by sequencing (Figure 6.3 to Figure 6.8). The reproducibility of bacterial 
community composition and performance was also evaluated using duplicate MFCs, In 
order to detect bacteria playing key roles in the performance of the reactor, the relative 
abundances of species, obtained from DGGE profiles over time, were related to the voltage 
generation of each MFC module. 
Samples of replicate reactors A and B were analysed on separate DGGE gels including 
several time points (Figure 6.3 a and b), In addition, selected samples were analysed on one 
DGGE gel allowing the detection of the community shifts from all MFC modules (A 1, A2, 
B1 and B2) and the comparison between samples of reactors A and B on the same gel 
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(Figure 6.2). Duplicate DGGE profiles previously showed high similarity (Figure 6.3) and 
thus single samples were used for each time point. 
6.3.1 Cluster analysis of bacterial community profiles 
Cluster analysis of the bacterial community profiles was done to compare duplicate MFC 
modules and detect changes in band pattern over time. As observed from distant clustering 
of the day zero in comparison to all the other time points (Figure 6.4a), the composition of 
the community in the anaerobic sludge inoculum was very different to that present in the 
anodic biofilm. New organisms, likely present in the inoculum in undetectable quantities, 
were enriched in the MFCs during the operation. 
Cluster analysis revealed separate clustering of samples of Al and A2, indicating 
differences in community development in these modules (Figure 6.4 a and b). In addition, 
differences could be observed between samples taken at different time points in both 
modules Al and A2. Duplicate reactor B showed similar trends (Figure 6.4 a and c). 
Samples of the same time point of duplicate modules Al and B I and modules A2 and 
B2 cluster together (Figure 6.4a). Jaccard's similarity coefficient, used to evaluate 
similarity between two DGGE band patterns (presence/absence of bands), was 90% for Al 
and B I and 80% for A2 and B2 on day 97. These results indicate that the bacterial 
communities were well replicated in duplicate reactors. 
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Figure 6.2 Bacterial DGGE profiles of duplicate longitudinal tubular MFCs A and B 
according to time with denaturing gradient of 40-60%. Samples were taken near the inlet of 
Al and BI and near the outlet of A2 and B2; Std: Standard mix; Inoc: anaerobic sludge; *: 
chimeras. Numbered bands were excised for sequence analysis . Bands showing same 16S 
rRNA gene sequences were numbered identically. 
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A 
Sample 
Days 
B 
Figure 6.3 Bacterial DGGE profiles of longitudinal tubular reactors A (A) and B (B) 
according to time with denaturing gradients of 40-70%. Samples were taken near the inlet 
of Al and B I and near the outlet of A2 and B2; Std: Standard mix; Inoc: anaerobic sludge ; 
*: chimeras. Numbered bands were excised for sequence analysis . Same species are 
numbered similarly in different gels . 
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Figure 6.4 Cluster analyses of bacterial DGGE profiles of (A) duplicate MFCs A and B 
with denaturing gradient of 40-60%; (B) MFC A and (C) MFC B with denaturing gradients 
of 40-70%. Each node in the tree, named with reactor name and operation day, represents 
one lane in DGGE gel. The trees were generated using Jaccard similarity coefficient and 
UPGMA clustering algorithm. 
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6.3.2 Bacterial community composition dynamics 
The phylogenetic analysis revealed a diverse bacterial community consisting of ~-, y- and 
8-Proteobacteria, Clostridia, Bacteroidetes, Spirochaetes and Bacilli (Figure 6.5). Based on 
the relative abundances obtained from DGGE profiles, the dominant bacterial species 
varied over time in all duplicate MFC modules. MFC modules Al and B 1 and modules A2 
and B2 showed similarity in the composition of bacterial species (Figure 6.6). In Al and 
B 1, the predominant bacteria were species closely related to Bacteroides graminisolvens 
(16S rRNA similarity of 98%), Raoultella ornithinolytica (100%) and Klebsiella sp. BM21 
(100%) with relative average abundances of 58, 21 and 13%, respectively, at the start of 
continuous-mode operation (day 21), and to B. graminisolvens (98%), Paludibacter 
propionicigenes (94%) and Eubacterium sp. BBDP70 (95%) with abundances of 50,24 and 
16%, respectively, on day 41, whereas by day 97 bacteria with sequence similarity to P. 
propionicigenes (94%), Lactococcus sp. F116 (100%), Pantoea agglomerans (100%) and 
Klebsiella oxytoca (99%) were found at highest abundances of 32, 30, 7 and 6%, 
respectively (Figure 6.6 a and c). In A2 and B2, the predominant species had sequence 
similarity to B. graminisolvens (98%), Eubacterium sp. BBDP70 (95%) and Pseudomonas 
sp. MY0506 (95%) with relative average abundances of 49, 15 and 10%, respectively, on 
day 21 and to B. graminisolvens (98%), Eubacterium sp. BBDP70 (95%) and P. 
propionicigenes (94%) with abundances of 55, 13 and 11 %, respectively, on day 41. By 
day 97 Lactococcus sp. F116 (100%), p. propionicigenes (94%) and K. oxytoca (99%) 
dominated the bacterial community at abundances of 42, 34 and 7%, respectively (Figure 
6.6 b and d). 
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In order to link the presence of the different species with the perfonnance of the MFC, 
correlation coefficients between abundance of species and voltage were detennined. In 
module AI, negative correlations of relative abundances of R. ornithinolytica, Klebsiella 
sp. BM21 and Citrobacter freundii versus MFC voltage were found (r = -0.999, p = 0.035; 
r = -0.999, P = 0.035; r = -0.999, p = 0.032). Based on analysis of the DGGE gel of Figure 
6.2, R. ornithinolytica, Klebsiella sp. BM21 and C. freundii also correlated negatively (r = _ 
0.999, P = 0.008) with voltage in module BI. Analysis based on the DGGE gel of Figure 
6.3b (including more time points) also showed a negative correlation to R. ornithinolytica 
and Klebsiella sp. (r = -0.859, p = 0.028; r = -0.989; P = 0.0002). A negative correlation 
was found for the relative abundance of R. ornithinolytica, Klebsiella sp. BM21 and C. 
freundii (r = -0.999, P = 0.035; r = -0.999, P = 0.035; r = -0.999, p = 0.032) with MFC 
voltage in module A2 (Figure 6.3 a). R. ornithinolytica, Klebsiella sp. BM21 and 
Acidovorax sp. correlated negatively (r = -0.999, P = 0.032; r = -0.999, p = 0.032; r = -
0.997; P = 0.048) with power in module B2 (Figure 6.2), with analysis based on the DGGE 
gel with more time points showing correlation to R. ornithinolytica, Klebsiella sp. and C 
freundii (r = -0.940, P = 0.005; r = -0.926, P = 0.008; r = -0.991; p = 0.0001) (Figure 6.3b). 
The relative abundance of sequences associated with Firmicutes increased over time in 
all MFC modules (Figure 6.7). By day 97, Finnicutes constituted (52 ± 3.8) % (SEM; n = 
4) of the bacterial community, followed by Bacteroidetes (33 ± 3.6) % and y-Proteobacteria 
(11 ± 2.1) %. 
In order to detect the proportion trends of different bacterial metabolic types over time, 
species were grouped according to the type of energy metabolism carried out by their 
closest relative. Similarity could be observed between duplicate modules Al and B I and 
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also between modules A2 and B2. In A2 and B2, aerobes (8-28%) disappeared and metal-
reducers (1-2%) appeared by day 97 (Figure 6.8). In Al and Bl, sulphate-reducers (1-6%) 
were detectable in the bacterial community from day 41 onwards. Communities of A 1 and 
B 1 consisted mainly of fermentative bacteria (51 %), followed by facultative anaerobes 
(46%). A2 and B2 also showed the highest abundances of facultative anaerobes (53%) and 
fermenters (46%). 
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Figure 6.5 Phylogenetic tree based on partial bacterial16S rRNA gene sequences of anodic 
biofilm of tubular MFCs. The tree was constructed using distance matrix and neighbour 
joining algorithm with 1,000 bootstrappings. The bootstrap values ~ 99% are shown. An 
archaeon Methanosarcina barkeri was used as out-group. The scale bar represents 10% 
sequence divergence. 
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Figure 6.6 Relative abundances of bacterial species of MFC modules A 1 (A), A2 (B), B 1 
(C) and B2 (D) based on DGGE profiles and identification of excised bands by sequencing 
and comparison to known 16S rRNA sequences in GenBank database. 
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6.3.3 Bacterial community diversity and functional organization 
A parameter that can be used to estimate diversity of an environment taking into account 
the genetic variation (per cent GC content in bacterial 16S rRNA genes) is the range-
weighted richness index (Rr), based on the number of bands (species) in a community and 
and the percentage of denaturing gradient required to describe the total diversity of the 
community on the DGGE gel (Marzorati et al. 2008). The wider the gradient needed, the 
more species with genetic variability is hosted by the environment. The Rr was calculated 
for the DGGE pattern of each time point (lane) to characterize the diversity of the bacterial 
communities along the length of tubular reactor. The anaerobic sludge inoculum showed a 
much higher Rr value (Rr = 50, day 0) than the bacterial communities enriched in MFCs 
over time (Figure 6.9). The diversity of the bacterial communities of Al and Bl was 
reduced by day 21 (Rr = 3.1 and Rr = 2.0, respectively), increasing with time to the same 
level as that of A2 and B2. On day 97, Al and A2 showed similar range-weighted richness 
(Rr = 13), and the same Rr value (Rr = 10) which also characterised the bacterial 
communities of B 1 and B2. According to the classification of Marzorati et al. (2008) these 
Rr values (between 10 and 30) correspond to medium range-weighted richness. Based on 
DGGE the Rr values < 10 are characteristic to environments restricted to colonization such , 
as contaminated soil, while Rr > 30 is common for very habitable environments with high 
microbial diversity such as activated sludge (Marzorati et al. 2008). 
Evenness is a measure that compares the population size of each speCIes ill a 
community. It can be graphically represented as Pareto-Lorenz curves where species are 
ranked from high to low based on their abundance, and subsequently the cumulative 
proportion of species is used as x-axis and the cumulative proportion of species abundances 
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represent y-axis (Marzorati et al. 2008). The more the curve deviates from the 45° diagonal 
line (theoretical perfect evenness), the less even the community is considered to be. Pareto-
Lorenz curves can be used to relate community structure to the capacity to preserve the 
functionality of the community even in perturbed conditions. Pareto-Lorenz evenness 
curves, based on the numbers of bands and their intensities, were plotted over time for each 
MFC module to visualize species abundance ratios in biofilm communities. The analysis of 
the time course of the bacterial communities of AI, B1, A2 and B2 showed that 20% of the 
bands corresponded with (51 ± 3.6) % (SEM; n = 3), (60 ± 5.1) %, (72 ± 1.2) % and (62 ± 
4.0) % of the cumulative species abundances, respectively (Figure 6.10). These results 
strongly suggest the presence of a balanced bacterial community with medium functional 
organization according to Marzorati et al. (2008). This means that only a small group of 
species were dominant in all MFC modules at any time, while the rest was present in 
decreasing lower abundances, available to replace the dominant species. 
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and 97. 
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6.3.4 Archaeal community composition dynamics 
Archaea can contribute to the organic removal in MFCs fed with fermentable substrate but , 
also cause a loss of electrons to C~. Therefore the dynamics of the archeal communities in 
the MFCs was studied by PCR-DGGE, followed by species identification by sequencing. 
The DGGE patterns of the archaeal communities of AI, A2, Bl and B2 were similar 
(Figure 6.11). Until day 41, the archaeal community composition did not show differences 
to that of the inoculum (day 0). Only one archaeal species was detected at any time point. A 
species with sequence similarity to Methanasaeta eaneilii (98-100%) was the dominant 
archaea until day 70, when a species closely related to Methanaearpuseulum parvum (98-
100%) started to dominate (Figure 6.11 and Figure 6.12). M eaneilii and M parvum are 
members of the order Methanosarcinales and Methanomicrobiales, respectively. 
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A 
Sample 
Days 
B 
Sample 
70 I 83 I 97 I 21 I 27 I 41 
Figure 6.11 Archaeal DGGE profiles of samples taken from longitudinal tubular reactors at 
different times; (A) modules A 1 and A2 of reactor A, and (B) modules Bland 82 of 
reactor B; Std: Standard mix; Inoc : anaerobic sludge. Numbered bands were excised for 
sequence analysis. Bands showing same 16S rRNA gene sequences were numbered 
identically. 
2 11 
/4 ,J~= Meth8nosaets sp. ctone SMS-T-Pro-5 (AB479409) 
MFC-Glatr: 
MFC-G5an; 
M8Ihanosaeta conaU/ (XI6932) 
MFC-G4arc 
MFC-G3arc 
M8Ihanosaeta 1h9ftrJOphi/a PT (AB071701) 
MFC-G6arc 
Methano-
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MFC-G7aro Methano-
MeIhanocorpuscu/um parvum (AY260435) . . 
L-________ Clostridium Indolls (y18184) 
Uncultured Methanocorpuscu/um sp. clone W30C (AB489235) I 
M8Ihanocorpu$CUfum bavariwm (AYI96676) mlcroblales 
01 0 
Figu~e 6:12 Phylogenetic tree based on partial archaeal 16S rRNA gene sequences of 
anodIc blOfilm of tubular MFCs. The tree was constructed using distance matrix and 
neighbour joining algorithm with 1,000 bootstrappings. The bootstrap values :s 99% are 
shown. A bacterium Clostridium in do lis (Y18184) was used as out-group. The scale bar 
represents 10% sequence divergence. 
6.4 Discussion 
The spatial and temporal dynamics of bacterial and archaeal community composition was 
studied in duplicate tubular MFCs based on PCR-DGGE method, followed by species 
identification by sequencing. High removal efficiency of organic matter with simultaneous 
energy recovery was anticipated by spatially different microbial communities in the 
longitudinal reactor consisting of two modules. Reproducibility of performance and 
development of microbial communities was investigated using duplicate reactors. Different 
types of tubular MFCs have been studied previously (Rabaey et al. 2005a; He et al. 2006; 
Scott et al. 2007) but the composition and dynamics of microbial consortia responsible for 
degrading organic contaminants and generating electricity in these MFCs have not been 
previously investigated. 
Both modules of duplicate reactors (AI, A2, Bl and B2) showed similar voltage 
generation and maximum power densities. The organic removal profile of tubular reactors 
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was spatially different, with most of the sucrose being degraded in the first module and 
mainly VF As entering the second module (Figure 6.1 b and Table 6.1). 
6.4.1 Bacterial community dynamics 
Cluster analysis of DGGE profiles revealed temporal and spatial divergence of bacterial 
communities in successive MFC modules (Figure 6.4). The composition of bacterial 
communities was reproducible, as indicated by the high Jaccard's similarity coefficient for 
community profiles of duplicate reactors. 
The predominant bacterial species varied over time in both MFC modules with 
duplicate reactors showing similar trends in the community succession (Figure 6.6). The 
bacterial community of modules Al and Bl shifted from the dominance of species closely 
related to B. graminisolvens, R. ornithinolytica and Klebsiella sp. BM21 at the start of the 
continuous-mode operation to a community dominated by B. graminisolvens, P. 
propionicigenes and Eubacterium sp. on day 41 when MFC voltage had reached relative 
stability, and by P. propionicigenes, Lactococcus sp., P. agglomerans and K. oxytoca on 
day 97. Similar trends in the dynamics of the predominant bacteria on days 41 and 97 were 
also observed in modules A2 and B2. The appearance of P. propionicigenes by day 41 
when MFC voltage had reached relative stability and a further increase in its abundance by 
day 97 probably indicates importance of this species in electricity production or synergistic 
interaction with exoelectrogens. Although voltage generation was stable between days 41 
and 97, B. graminisolvens was observed to disappear and the relative abundance of 
Lactococcus sp. significantly increased. B. graminisolvens and P. propionicigenes belong 
to the order Bacteroidales and are functionally similar, fermenting carbohydrates with 
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acetate and propionate as main fermentation products (Ueki et al. 2006; Nishiyama et al. 
2009). However, the species with sequence similarity to P. propionicigenes (94%) is a 
distant relative «97%) (Figure 6.5) and may represent a new species with unknown 
metabolic capabilities yet to be explored, and which could possibly explain the competence 
of this species in the anode biofilm community. Supporting this, a species distantly related 
to P. propionicigenes (91 %) was also found in the electricity-producing community of a 
cellulose-fed MFC but not in a similar MFC operated in open-circuit (no current flow), 
(Ishii et al. 2008c). Lactococcus sp., enriched in the anode biofilm in high relative 
abundance by day 97, produces mainly lactic acid from the fermentation of carbohydrates 
(Teuber et al. 1992). Lactococcus lactis is capable of coupling carbohydrate metabolism to 
reduction of extracellular compounds such as Fe3+ and Cu2+, mediated by membrane-bound 
quinones (Rezaiki et al. 2008). Pure cultures of L. lactis have been shown to perform 
extracellular electron transfer to a MFC anode via excretion of soluble quinones with a 
simultaneous shifting of metabolism to the production of acetate and puryvate (Freguia et 
al. 2009). Thus, it can be speculated that Lactococcus sp. plays an important part in the 
electricity generation by the mixed community in the tubular MFCs. In addition, in the 
study by Chung and Okabe (2009) L. lactis was found to dominate in a MFC fed mainly 
with acetate (effluent from a glucose-fed MFC). 
Negative correlations of the relative abundances of R. ornithinolytica, Klebsiella sp. 
BM21 and C. freundii with voltage generation were observed in all MFC modules. On the 
other hand K. oxytoca and P. agglomerans generally increased in abundance after day 41, 
when the MFC voltage had already reached relative stability, and their abundance was 
stable by days 83-97 (Figure 6.3 a and b). These bacterial species belong to the family 
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Enterobacteriaceae and are facultative anaerobes with both respiratory and fermentative 
metabolism. Kim et al. (2006) highlighted the significance of members of this family in 
electricity generation by demonstrating the electrochemical activity of some K. oxytoca, R 
ornithinolytica and Enterobacter sp. isolates by cyclic voltammetry, and the electricity 
generation by a K. oxytoca sp. in MFC. Furthermore, the electricity generation capability of 
Klebsiella pneumoniae has also been shown (Zhang et al. 2008b). The P. agglomerans 
strain SPI (AFI99029) found in this study has been demonstrated to be capable of 
dissimilatory metal reduction by coupling the oxidation of acetate or H2 to Fe(IIl) reduction 
(Francis et al. 2000). This is often related to the capability of using the anode as electron 
acceptor (Park et al. 2001; Bond et al. 2003; Chaudhuri and Lovley 2003; Pham et al. 2003; 
Holmes et al. 2004a; Bond and Lovley 2005; Bretschger et al. 2007; Borole et al. 2008; 
Wrighton et al. 2008). In the light of earlier studies, the increase in the abundance of K. 
oxytoca and P. agglomerans after the stabilization of MFC voltage in continuous-mode 
operation and the negative correlation of some other Enterobacteriaceae with voltage 
generation showed the competence of K. oxytoca and P. agglomerans in anodic biofilm of 
tubular MFCs in continuous-flow conditions. The other members of Enterobacteriaceae 
probably contributed to electricity generation during batch- and early continuous-mode 
operation. 
In addition to sucrose, K. oxytoca can use acetate (Holt 1994) and almost all strains of 
Klebsiella spp. are able to use lactate as substrate (Grimont et al. 1992), which explains the 
abundance of K. oxytoca in both successive MFC modules receiving either sucrose of 
VF As in the feed. In contrast, some species showed spatial divergence, probably due to 
different substrate levels in successive modules, but were present at relatively low 
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abundances yet probably having an important functional role in electricity production. 
These could include a species with 97% sequence similarity to Geobacter sp. Plyl which 
became a member of the bacterial community (1.5%) of modules A2 and B2 by day 97 
(Figure 6.6). Geobacter spp. oxidize organic acids with Fe(III) as electron acceptor and are 
known exoelectrogens detected in many MFC anodes (Bond et al. 2002; Jung and Regan 
2007; Xing et al. 2009a; White et al. 2009). Therefore the anode-reducing activity by these 
species in modules A2 and B2, fed mainly by acetate, seems likely. The disappearance of 
aerobes and detection of strictly anaerobic Geobacter (dissimilatory metal-reducer) at the 
late phase ofMFC operation in anodic biofilm of modules A2 and B2 (Figure 6.8) could be 
related to changing redox conditions in these modules over time, which affects the 
community stmcture. In addition, low abundance (4% on average) of Desulfovibrio 
desulfuricans related species (99%) were detected in modules Al and Bl by day 41 when 
the MFC voltage had reached stability. Electricity generation from lactate by D. 
desulfuricans has been previously demonstrated (Zhao et al. 2008). 
A previous study has compared bacterial community structures of hydraulically 
connected MFCs (Chung and Okabe 2009). The anodic bacterial community in a three-
stage MFC, where the successive MFCs consisted of cubical anode and cathode chambers, 
was dominated by y-Proteobacteria in the first glucose-fed MFC, whereas the biofilm of the 
second and third MFCs, receiving mainly acetate, showed dominance of Firmicutes 
affiliated species. In contrast, our study detected the dominance of Firmicutes in both 
successive MFC modules (Figure 6.7). Different inoculum source, substrate and reactor 
configuration or versatile metabolism of the strains found in both successive modules of 
tubular MFCs could account for the difference observed in these studies. Similarly to the 
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study by Chung and Okabe (2009), others have investigated the development of the 
bacterial anodic biofilm community but often without quantitative analysis. Aelterman et 
al. (2006) reported an increase in power density of acetate-fed continuous-mode MFCs with 
simultaneous shift from a community dominated by Proteobacteria, followed by Firmicutes 
and Actinobacteria, to a community dominated by Brevibacillus agri, a member of 
Firmicutes. lung and Regan (2007) found that Geobacter spp. were predominant in anodic 
biofilm of all glucose-, lactate- and acetate-fed MFCs operated in batch-mode. Over time 
only changes in functionally similar Geobacter-like strains were observed (Jung and Regan 
2007). The only truly quantitative community dynamics study is that by White et al. (2009) 
who investigated community dynamics over one batch-cycle of a plankton-fed MFC with 
whole-cell voltage set to O.3V, targeting some specific bacterial classes (y- and £-
Proteobacteria) or genus (Geobacter, Arcobacter, Flavobacterium-Cytophaga-Bacteroides 
or FCB). At the onset of power production an increase in the relative abundance of y-
Proteobacteria was observed, with a later succession from y-Proteobacteria to Geobacter 
and then to FCB phylotypes. This finding was thought to indicate that y-Proteobacteria 
were effectively competing for resources and possibly contributing to power generation. In 
the present study bacterial community dynamics was analyzed (semi-)quantitatively in the 
continuously fed MFC (section 6.3.2) where no significant temporal changes in the 
concentration of influent feed substrate occurs (Table 6.1) and therefore, in contrast to 
batch studies, the changes in community were not likely be due to changes in substrate 
levels with time. Despite this operational stability, dynamic changes among the dominant 
members of bacterial communities of tubular MFCs were observed, even during stable 
power generation, and the MFC voltage did not correlate positively with relative abundance 
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of anyone species over time. This fmding further confirms the capability of several 
bacterial species to compete for substrates and anode space and t t 'b t o con n u e to power 
generation (directly or syntrophically), suggested by White et al. (2009) based on 
quantitative community dynamics study over one batch-cycle. 
6.4.2 Bacterial community diversity and internal community structure 
Species richness and even more importantly, functional redundancy (Fernandez et al. 2000; 
Briones and Raskin 2003) could be significant factors in determining the functional 
stability of a MFC system. According to Marzorati et al. (2008) all duplicate MFC modules 
could be characterized by a medium range-weighted richness (Figure 6.9). The internal 
community structure and functional redundancy of anodic biofilm communities over time 
was assessed by constructing Pareto-Lorenz evenness distribution curves (Figure 6.10). 
Over the time course of the experiment, the communities in the duplicate MFCs had high 
amount of some species while many others in decreasing lower amounts were available to 
proliferate and replace the dominant species, according to the concept of functional 
redundancy (Fernandez et al. 2000; Wittebolle et al. 2008). As suggested by the changes 
observed in the relative abundances of predominant species during stable power generation, 
the Pareto-Lorenz evenness distribution curves further implied the functional redundancy 
within bacterial anodic biofilm communities and the capacity of several bacterial species to 
compete for resources, including anode as electron acceptor. Communities with such an 
internal structure can potentially preserve their functionality under sudden stress conditions 
(Marzorati et al. 2008), which is beneficial for MFCs of wastewater treatment, subject to 
changes in environmental conditions. 
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6.4.3 Archaeal community dynamics 
Th archaeal community showed no spatial difference in tubular MFCs. Only one dominant 
archaeal species was detected at any time with clear succession from the dominance of 
Methanosaeta concilii- to Methanocorpusculum parvum-related archaeon from day 70 
onward (Figure 6.11 and Figure 6.12). M concilii ferments acetate whereas M parvum 
oxidizes hydrogen and/or formate (Garcia et al. 2006). The reason for a shift from 
acetoclastic to hydrogenotrophic methanogens is unclear. Previous studies suggest the 
existence of competition between methanogens and electricity-producing bacteria for H1 
(Freguia et al. 2008) and acetate (Virdis et al. 2009). Methane production has generally 
been detected in MFCs fed with fermentable substrates (glucose, ethanol) but not in MFCs 
fed with acetate, suggesting that acetate-oxidizing exoelectrogens are capable of out-
competing acetoclastic methanogens (Freguia et al. 2007; Lee et al. 2008; Parameswaran et 
al. 2009a). Freguia et al. (2008) showed that part of the anodic H2 produced by glucose 
fermentation was used by hydrogen-oxidizing methanogens, as shown by short-term kinetic 
tests with H2. By electron balances and finding that hydrogenotrophic methanogenic genus 
Methanobacteriales were the only methanogens present in the anodic biofilm constituting 
~4% of the total microbial community, Parameswaran et al. (2009a) demonstrated that the 
electrons available in H2 from ethanol fermentation were routed to CH., A 
hydrogenotrophic methanogen, Methanobacterium bryantii, dominated the archaeal 
community in a cellulose-fed MFC (Ishii et al. 2008b), whereas acetoclastic methanogens 
accounted for ~ 19% and hydrogenotrophic methanogens accounted only for ~5% of the 
total microbial community in a glucose-fed MFC (Chung and Okabe 2009). The results of 
the present study suggested that over time the acetate-oxidizing bacteria could out-compete 
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the acetoclastic methanogens, thus preventing electrons from acetate sinking to CJ-4. The 
appearance of hydrogenotrophic methanogens coincided with a significant decrease in the 
abundance (or total disappearance) of Eubacterium sp. (Figure 6.6), capable of homo-
acetogenic production of acetate from H2+C02, suggesting that H2-oxidizing methanogens 
were competing with or gradually out-competed the homo-acetogenic bacteria. However, 
other bacteria able to oxidize H2 (Pantoea, Klebsiella, Desulfovibrio and Geobacter) were 
found in increased relative abundances at the end and could also have been competing for 
H2 with methanogens. Parameswaran et al. (2009 a and b) showed the abundance of homo-
acetogens and electron flow from H2 to current via acetate in ethanol-fed MFC only when 
the methanogenesis was inhibited. Therefore they suggested promoting of growth of homo-
acetogens in anodic biofilm based on their higher tolerance to oxygen and ability to out-
compete hydrogenotrophic methanogens at low temperature and pH in order to prevent 
electron flow to C~ (Parameswaran et al. 2009b). These means could also possibly 
provide a practical way for improving the power density of the tubular MFCs. 
In conclusion, the organic removal profile of tubular reactors was spatially different, with 
most of the sucrose being efficiently degraded in the first module and further degradation of 
VFAs occurring in the second module. However, the microbial communities in successive 
modules produced similar maximum power densities, and the composition and dynamics of 
the dominant bacteria showed spatial similarity, which could partly be due to the versatile 
metabolic capabilities of these species. Some spatial difference in the composition of 
numerically minor species was observed. The Pareto-Lorenz evenness distribution curves 
and dynamic temporal changes observed among the predominant bacteria, even during 
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stable power generation, indicated the presence of functional redundancy in the anodic 
biofilm communities and the capability of various species to compete for resources, 
including the anode. Such internal community structure is a beneficial trait in tubular MFCs 
to assure stable performance in changing environmental conditions. The presence of a 
diverse bacterial community with several types of metabolism suggested that the 
degradation of sucrose and electricity production was likely due to syntrophic interactions 
between fermenters and exoelectrogens, yet a fermentative Lactococcus sp., a known 
exoelectrogenic genus, was found in high abundance. In archaeal anodic biofilm 
communities no spatial but temporal shift from acetoclastic methanogens to 
hydrogenotrophic methanogens was observed, indicating loss of electrons through H2 to 
CRt and giving rise to attempting to suppress these organisms. Both the microbial 
community development and the MFC performance were highly reproducible in a duplicate 
reactor, which is promising in terms of practical wastewater treatment applications. 
Scaling-up by addition of extra modules could promote development of more divergent 
bacterial communities in successive modules and lead to further improvements in the 
organic removal and power production of tubular MFCs. 
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Chapter 7 Conclusions 
Better understanding of the evolution of the microbial populations and their function within 
microbial fuel cells is needed to create MFC technology with improved performance for 
renewable electricity production and wastewater treatment. In this work, a single-chamber 
MFC with an air-breathing cathode was developed for simultaneous power generation and 
treatment of artificial wastewater, suitable for studies of microbial community dynamics. 
Initially the power generation capability of the MFC system was evaluated using E. coli, D. 
desulfuricans or anaerobic digester sludge as inoculum (Chapter 3). A continuous-mode 
MFC capable of continual and stable power generation with simultaneous treatment of 
artificial wastewater was established (Chapter 3). Compared to the other setups tested 
(batch and recycled flow batch), the continuous-mode setup was best experimentally, 
easiest to operate and best resembled a MFC setup for practical wastewater treatment 
applications. Therefore this system was well-suited for further longer term studies of the 
dynamics of anodic microbial communities (Chapters 4-6). 
The structural features of the MFC components also play an important role In its 
performance. Fouling of Nafion membrane was observed during the operation of both the 
MFCs using D. desulfuricans (Chapter 3) and anaerobic digester sludge (Chapter 5) as 
inoculum to treat wastewater containing lactate + sulphate and sucrose, respectively. 
Considerably higher maximum power densities were obtained in D. desulfuricans MFC 
when the Nafion membrane or the Nafion membrane and cathode, respectively, were 
replaced with fresh ones, compared to the power density obtained when only the cathode 
was replaced or the control (Figure 3.5b), suggesting that fouling of the Nafion membrane 
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affected the power output over time. The deposit on the surface and/or inside the Nation 
membrane during the operation of D. desulfuricans MFCs was analysed by FT-Raman 
spectroscopy (Figure 3.6) and identified as sulphur. This deposit was probably the main 
cause of the observed decrease in the conductivity of Nafion membrane by one order of 
magnitude during MFC operation compared to the conductivity of pure Nafion membrane 
in proton form. To prevent the diffusion of microbially produced H2S to the membrane and 
the subsequent fouling by sulphur, a high-efficiency activated carbon cloth anode and a 
shorter distance between the anode and the membrane (such as those attained in 
anode/membrane/cathode -sandwich-type MFC) could be used for the removal of sulphate 
(and sulphide generated by microbial activity) from wastewaters with simultaneous 
electricity production (Zhao et al. 2008). 
The observed biological fouling ofNafion membrane in MFCs using anaerobic sludge 
as inoculum can be assumed to be the main reason for the temporal increase in power after 
the replacement of Nafion membrane (Figure 5.1 a). The diffusion of air from the cathode 
probably sustained the growth of aerobic bacteria on the membrane, an issue which could 
be solved by using an anaerobic biocathode where oxygen diffusion to the anode chamber 
would be eliminated (He and Angenent 2006). In that case also the fouling of membranes 
by sulphur in MFCs treating sulphate-containing wastewater (due to the oxidation of H2S 
by oxygen diffusing from the cathode) could be prevented in MFCs treating sulphate-
containing wastewater. In the future, the issues related to the fouling of MFC membranes 
will need to be assessed for larger-scale MFC applications. The membrane fouling may 
limit the production of electricity thus limiting the abundance of types of species 
(population numbers) that can produce electricity. 
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In this work, the microbial fuel cell was not specifically optimized for attaining as high 
power densities as possible, but the emphasis was put in the study of the development of 
the microbial communities involved in electricity production. However, the power outputs 
obtained with sucrose-fed mixed communities were in similar ranges than power densities 
previously reported for sucrose-fed MFCs (He et al. 2005; Ghangrekar and Shinde 2007; 
Kim et al. 2009b). 
The effect of acclimatised inoculum on MFC performance and bacterial communities 
was investigated and discussed in Chapter 4. Using an acclimatised microbial consortium 
from a tubular sucrose-fed MFC (kindly provided by Dr 1. R. Kim, University of 
Glamorgan) as the inoculum in another MFC, a different bacterial composition was attained 
(Figure 4.5), but with a power density similar to an MFC inoculated with an unacclimatised 
community (Figure 4.2). Instead of using an acclimatised community as inoculum, a better 
approach for achieving high density of exoelectrogens on anodic biofilm could be the 
acclimatisation of MFC with non-fermentable substrates such as acetate, as proposed by 
Lee et al. (2008). Inoculation with acclimatised consortia resulted in similar communities in 
duplicate MFCs (Figure 4.5); however, both the anodic biofilm and the suspended 
communities evolved differently in four replicate MFCs when using unacclimatised 
inoculum with high microbial diversity (Figure 5.6 and Figure 5.7). This finding 
demonstrated the importance of operating several replicates in order to gain meaningful 
conclusions in studies of microbial communities of MFCs. When comparing performance 
and bacterial community composition of MFCs in different operating conditions, replicate 
MFCs could be started using samples from operating MFCs in order to gain more 
reproducible bacterial communities and make comparisons more reliable. In addition, in 
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future studies the parallel investigations of replicate control MFCs operated in open-circuit 
mode (without current production) are also advised. This will be essential to elucidate 
which bacteria are selected due to current production under set external load/anode 
potential, and not only due to their affinity to grow on anode surface under conditions set 
by other operational parameters. 
Bacterial communities found in MFCs are very diverse, and no typical electricity-
producing consortium is yet observed to be enriched in MFCs. Although many MFC 
isolates have been shown to generate electricity in pure cultures, the power outputs of 
mixed community MFCs have not been correlated with the abundance of any specific 
species. In the study of the community development in four replicate MFCs, the presence of 
some species in the communities could be correlated to the power output, although the 
correlations were not consistent in all MFCs (Section 5.3.2). However, in all replicate 
MFCs the putative exoelectrogenic denitrifiers and sulphate-reducers accounted for 
(26 ± 3) % (n = 4) of the bacterial biofilm community at the end of the study. Previously 
Xing et al. (2009b) have demonstrated electricity production by the denitrifying bacterium 
C. denitrificans (also found in this study), isolated from an acetate-fed MFC, suggesting the 
importance of denitrifiers in electricity-producing communities lacking dissimilatory metal-
reducers. This finding seems to be supported by the results of the present study. 
In the work described in Chapter 6, the spatial and temporal development of bacterial 
and archaeal communities was studied in duplicate tubular reactors operated in continuous-
mode (Dr J. R. Kim, University of Glamorgan). The removal of organic compounds in 
tubular reactors was spatially different, with most of the sucrose being efficiently degraded 
in the first module and further degradation ofVFAs occurring in the second module (Figure 
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6.1 b and Table 6.1). However, the composition and dynamics of the dominant bacteria 
showed spatial similarity (Figure 6.6), which could be attributed to the versatile metabolic 
capabilities of these species. Some spatial differences in the composition of numerically 
minor species were observed. Both the microbial community development and the MFC 
performance were highly reproducible in a duplicate reactor, which is promising in terms of 
practical wastewater treatment applications. The higher reproducibility obtained with two 
replicate tubular MFCs compared to the four replicate MFCs operated in this study could be 
due to different reactor configuration, operation conditions or possibly lower amount of 
replicates used. The lack of reproducibility has been suggested to be attributed to chaotic 
dynamics of bacterial communities, according to which a small change in conditions can 
cause communities to diverge (Kaewpipat and Grady 2002; Curtis and Sloan 2004). In 
contrast, in tubular MFCs deterministic factors could have steered the community structure 
(Wittebolle et al. 2009). Deterministic factors - changes in environmental parameters such 
as temperature and oxygen diffusion to anodic chamber - could have led to reproducible 
community development in replicate tubular reactors. 
Both the communities in the four replicate MFCs and tubular MFCs were characterized 
by medium range-weighted richness and medium functional organization according to 
Marzorati et al. (2008) (Figure 6.9 and Figure 6.1 0). This shows only a small group of 
species which are dominant at any moment, while the rest is present in decreasing lower 
relative abundances, available to replace the dominant species. The Pareto-Lorenz evenness 
distribution curves and dynamic temporal changes observed among the predominant 
bacteria indicated the presence of functional redundancy in the anodic biofilm communities 
of both types of MFC designs. Such internal community structure is beneficial to assure 
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stable perfonnance in changing environmental conditions. However, different community 
composition was developed over time in these different reactor designs with same anode 
material, inoculated with anaerobic digester sludge of same origin and fed with similar 
sucrose-containing artificial wastewater medium. The presence of denitrifiers and sulphate-
reducers suggested these are important metabolic groups in electricity generation in the four 
replicate MFCs, whereas no denitrifiers and low relative abundances of either sulphate- or 
metal-reducers were detected in the first and second successive modules of tubular MFCs , 
respectively. Facultative anaerobes belonging to the Enterobacteriaceae (Klebsiella oxytoca 
and Pan toea agglomerans) were considered as main putative exoelectrogens in both 
successive modules of tubular MFCs. 
Archaea were much less diverse than bacteria in both MFC setups (Figure 5.8, Figure 
5.19, Figure 6.5 and Figure 6.12). Archaeal anodic biofilm communities consisted of 
acetoclastic methanogens in four replicate MFCs, whereas a temporal shift from 
acetoc1astic methanogens to hydrogenotrophic methanogens was observed in tubular 
MFCs. No (or low numbers of) dynamic changes in archaeal communities indicated low 
level (or the lack of) functional redundancy among archaeal communities, which could 
make the efforts of suppressing these organisms easier in order to prevent the loss of 
electrons to methane. This could be done by periodic aeration in order to promote the 
growth of acetate- and hydrogen-oxidizing putative exoelectrogens, e.g. facultative 
denitrifiers found in four replicate MFCs and Enterobacteriaceae found in tubular MFCs 
would not be suppressed by aeration. Another practical way of improving the power density 
of the tubular MFCs could be achieved by promoting the growth of homo-acetogens based 
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on their ability to out-compete hydrogenotrophic methanogens at low temperature and pH 
(Parameswaran et al. 2009b). 
There were no specific 'winner' species in the MFC communities, the relative abundance of 
which would have clearly been found to enhance and correlate with the power production. 
Using similar feed substrate the communities consisted of metabolically different type of 
species in two reactor types used. On the other hand, the hypothesized importance of 
denitrifiers (Comamonas denitrificans, Ochrobactrum antropi and Rhodocyclus sp.) and 
sulphate-reducers (Desulfovibrio vulgaris) in anodic biofilm of four replicate MFCs and 
Klebsiella oxytoca and Pantoea agglomerans in tubular MFCs could possibly relate to their 
known ability to attach to surfaces and grow in biofilm due to their EPS formation 
capability, or expression of protein filaments in the case of Desulfovibrio (Clark et al. 2007) 
(biofilm formation seen in SEM images in Section 4.5; considerable slime production is 
observed on anode surfaces of tubular MFCs (J. R. Kim, pers. comm.). These species were 
not present or were present at low concentration in communities in batch-mode operation. 
Therefore these species may be selected in MFCs with air-cathodes and continuous-flow 
conditions, where redox conditions may not favour the growth of strictly anaerobic metal-
reducing organisms and organisms incapable of extensive EPS production and biofilm 
formation. Several exoelectrogenic species that also produce exopolysaccharides have been 
isolated from MFCs (Rabaey et al. 2004; Zuo et al. 2008; Fedorovich et al. 2009). 
Interestingly, Kato Marcus et al. (2007) suggested that EPS alone would be enough to 
conduct electrons from microorganisms to the anode. To support this, direct biofilm-based 
electron transfer mechanism was indicated by CV studies (Section 5.4.1). 
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In addition, the type of membrane used and the distance between anode and cathode are 
likely to significantly affect the community development by leading to e.g. different rates 
of oxygen diffusion into the anode chamber and anodic biofilm, which has an effect on the 
abundance of aerobic species and therefore coulombic efficiency of MFC. Over time, the 
aerobic species disappeared and strictly anaerobic metal-reducers appeared in tubular 
MFCs, which could result from gradual formation of a thicker biofilm on the membrane. 
Reactor design which drastically reduces or eliminates the oxygen diffusion should 
therefore be considered. Glass fibre separators have recently been shown to have low 
oxygen mass transfer coefficient (compared to Nafion and cation-exchange membranes 
used in this study) and therefore less aerobic biofilm growth on the separator and higher 
coulombic efficiency and power density (Zhang et al. 2009a). 
Changes in microbial community composition, where specific species with redox 
systems best suited for using the anode at specific potential would outcompete other species 
and increase in proportion in anode surface, did not seem to be the means of microbial 
adaptation in the present study. In other words, the adaptation of microbial communities to 
produce electricity with enhancing performance in MFCs may not require specific changes 
in community composition but instead be based on the ability of microorganisms to adjust 
their redox components according to the external resistance (or anode potential) used, as 
suggested by Finkelstein et al. (2006) and adapt individually or via community interactions 
to produce current more efficiently over time. The bacterial communities developed into 
diverse consortia with functional internal community structure and functional redundancy 
in all reactor designs and operational conditions used. This finding further suggests that 
several types of (or all?) bacteria can adapt to generate electricity in MFCs. The presumed 
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universality of exoelectrogenic ability would be supported by the large diversity of bacteria 
found in MFCs in the literature, the high number of species detected that are distantly 
related to any known cultured organisms by their 16S rRNA sequence and the abundance of 
bacteria with different types of metabolism that are found to be exoelectrogenic in pure 
culture. In addition, Geobacter sulfurreducens has been shown to adapt to produce 7 to 8 
times higher power densities compared to the original strain after adaptation period of five 
months with poised anode potential (Yi et al. 2009). The enhanced capacity of power 
generation was thought to be associated with changes in outer surface of the cell, namely 
greater nanowire density and expression of flagella (Yi et al. 2009). Microorganisms have 
previously had no evolutionary pressure to optimally generate current and therefore 
adaptive evolution by placing pressure to favour the selection of mutations or changes in 
the expression of existing genes that enhance current generation over time would seem a 
preferred method for developing high current producing strains or communities (Lovley 
2006b and 2009). 
In final conclusion, the results of the present study suggest that reactor design and 
operational condition related factors (continuous flow, diffusion of air to the anodic 
chamber) determine in first order the microbial community development in MFCs with a 
given inoculum and substrate. Secondly, the capability of bacteria to adapt to generate 
electricity (directly attached to the anode surface or as part of an electron-transferring 
network of species and biofilm-matrix components) and enhance their exoelectrogenic 
capacity over time might be widespread among bacteria. This adaptation could possibly be 
due to self-regulating their redox components and expressing electron-transferring 
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compounds or structures. Further studies are needed to determine whether by setting 
different external resistances/anode potentials microbial communities capable of enhanced 
power production would be detected. This improvement could be due to the species 
enriched in the reactor setup being better adapted to respire at specific potential (no 
differences in community composition between anode potentials) or it could be due to 
selective pressure on specific species able to better adjust, grow and generate electricity 
optimally at certain potential (differences in the community composition). Further research 
is required to clarify the means of microbial adaptation and its regulation in MFCs in order 
to engineer MFC systems to achieve power levels required for practical applications. 
Suggestions for future studies 
'Metagenomics', also referred to as community or environmental genomics, is a group of 
relatively new techniques for studying the total genome of the microbial community and 
significant advances in this field have been seen in the past few years. 'Shotgun' 
sequencmg allows random sequencmg of short reads (50-1000 bp) directly from 
community DNA (and/or cDNA in 'metatranscriptomics') extracted from the 
environmental sample, and bioinformatics tools are then used to partially reconstruct and 
assign DNA sequences to organisms and functions (Committee on Metagenomics 2007). 
Using this method a broad cross-section of the genes present and expressed in the 
community at different time points could be gained, with the possibility of near to complete 
d f h t b d t specles A combined genome sequence ata 0 t e mos a un an . 
metagenomics/transcriptomics approach, together with measurements of metabolic 
products in MFC could be used to detect the key contributors and their functions in 
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electricity-generating communities. The data would allow answering to several questions, 
e.g.: Since no correlation of power with abundance of any specific species is observed in 
replicate MFCs, are some functional genes, such as ones related to membrane proteins, 
soluble redox mediators or other possible electron-transferring structures increasingly 
expressed over time when power density of the MFC gradually increases? Are there many 
uncharacterized genes expressed in the electricity-producing community that are different 
from any known genes or that are similar only to other genes of unknown function? Could 
these be associated with e.g. regulation of synergistic interactions within the community, 
such as interspecies electron transfer - this type of hypothesis could then be tested using 
other molecular methods. In addition, species distantly related to any known cultured 
organisms according to their 16S rRNA sequence are often found in MFC studies (Phung et 
aL 2004; Ki et aL 2008; Pham et al. 2008b; Chae et al. 2009; Chung and Okabe 2009) and 
metagenomics approach could help detection of unknown species and their possible 
functions in MFCs. 
The number of different species found in MFCs of this study was relatively low (5-10 
dominant bacteria m DGGE), suggesting that the data analysis of the 
metagenome/transcriptome would be easier than that of e.g. soil and ocean water performed 
in previous studies (Gilbert et al. 2008; Demaneche et al. 2009). An interesting aspect 
however would be to compare the communities developing in parallel MFCs at different set 
MFC voltages (or anode potentials) and study how different potentials affect community 
structure and functions. Higher exoelectrogenic capability potentially obtained at certain 
anode potential would improve the detection frequency of sequences of interest in 
. / . t' studl·es. To further simplify the community metagenomlc transcnp omlC 
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metagenome/transcriptome, one could attempt to create and study the power generation of 
an artificial community using the most abundant bacteria with different type of metabolism, 
adapted to generate electricity in a mixed culture MFC. However, mimicking the complex 
community interactions between the major and the low-abundance species that may affect 
electron transfer in natural MFC communities makes this approach very challenging. 
233 
Appendix I 
Evolution of power density and current of E. coli MFC over time 
Power generation by E. coli was studied in batch-mode MFCs in the presence or absence of 
a mediator, methylene blue. In the presence of methylene blue the maximum power 
densities and currents decreased over time (Figure 1). The peak power densities of 2.0, 1.7 
and 0.8 W m-3 and currents of 0.04, 0.04 and 0.03 rnA were generated after 1, 24 and 44 h 
of the start of the operation of the MFC, respectively. In the absence of the methylene blue 
the maximum power densities stayed in the similar level over time with maximum power 
outputs of 0.1, 0.2 and 0.17 W m-3 produced after 1, 24 and 44 h, respectively, and a 
maximum current of 0.01 rnA generated at all time points. The power densities and currents 
were considerably lower in control experiments (measured after 1 h) using uninoculated 
MFCs (0.9 m W m-3 with MB; 0.6 m W m-3 without MB; 5 flA with or without MB) than 
those observed in MFCs inoculated with E. coli. 
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Figure 1. (A) Power density and (B) voltage as a function of current for a single-chamber 
batch-mode E. coli MFC, in the presence or absence of the electron carrier, methylene blue 
(MB); E. coli with MB at 1 h (e), 24 h (A.) and 44 h (.); E. coli without MB at 1 h (0),24 
h (6) and 44 h (<»; control with MB (0) and control without MB (x). 
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Appendix II 
Voltage of continuous-mode D. desulfuricans MFC 
The continuous-mode D. desulfuricans MFC was left III batch-mode (i.e. continuous 
feeding with fresh medium was stopped) for one day at day 18. When the MFC was 
operated in batch-mode, the MFC voltage increased from 0.18 V to 0.27 V and then 
decreased back to the original level when the feeding was started again (Figure 2). In 
control test, the voltage decreased continuously until a sharp increase was observed at 1.3 d 
(Figure 2), which could be explained by the presence of contaminants, evidenced by 
turbidity in the medium. Voltage then decreased until constant current could not be 
discharged and the test was stopped. 
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and control MFC without bacteria (dashed line). Peaks in voltage and current were caused 
by polarization curve measurements. 
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Appendix III 
Dependence of effluent pH of the loading rate of sucrose 
Sucrose concentrations of 0.05, 0.1 and 0.2 g L-1 were used to study the effect of feed 
sucrose loading on power output in continuous-mode anaerobic sludge MFCs, and were 
compared with a control MFC with no sucrose added to the medium. The effluent pH did 
not significantly vary between different sucrose concentrations tested, being 6.27 ± 0.09, 
7.02 ± 0.04 and 6.52 ± 0.03 (mean ± SEM, n = 4) on days 18, 23 and 27, respectively 
(Figure 3). 
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Figure 3. Effluent pH as a function of time for continuous-mode anaerobic sludge MFCs 
fed with 0.05 (.), 0.1 (_) and 0.2 g L-1 (e) of sucrose. No sucrose was added to the 
medium of a control MFC (.). 
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Appendix IV 
The use of a second DGGE for re-amplified 168 rRNA genes of bands from the first 
DGGE to yield sequences of better quality 
Co-migration of DNA molecules of different sequence to the same position in a denaturing 
gradient is a limiting factor in the analysis of complex microbial communities by DGGE 
(Kowalchuk et al. 1997; 8atokari et al. 2001; Gafan and Spratt 2005; Green et al. 2009), 
and was also observed in the study described here. The 16S rRNA genes of bands marked 
with nr 8 in the DGGE of bacterial community profiles of MFCs Ads, Gland G2 (Figure 
4.5) and with -'- in the DGGE of bacterial community profiles of MFCs a-d (Figure 5.5) 
were re-amplified by PCR and run on a second DGGE gel with a narrower denaturing 
gradient because of insufficient quality of sequences (partly overlapping sequences in a 
chromatogram) obtained from the first DGGEs possibly due to co-migration of several 
sequences in one band. The second DGGE round (Figure 4) showed one main band in each 
sample yielding sequencing results of good quality. 
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A B c 
Figure 4. DGGE of re-amplified 16S rRNA genes of bands marked (A) with or 8 in the 
DGGE of bacterial community profiles ofMFCs Ads, Gl and G2, and (B, C) with - ' - in the 
DGGE of bacterial community profiles ofMFCs a-d (Figure 5.5), with denaturing gradients 
ranging from (A, C) 40 to 60% and (B) 40 to 55%. 
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Table 1. Bacterial community profile of anaerobic digester sludge inoculum as analysed by 
PCR-DGGE (denaturing gradient of 40-60%) followed by band sequencing. 
Band Class (Phylum) GenBank database search result Simil. (%) 
I Flavo bacteria Flavobacteriaceae bacterium 93 
(Bacteroidetes) NHD080 (DQ993338) 
2 NA Uncultured bacterium partial clone 97 
H2SRC239x (FM213063) 
3 NA Uncultured bacterium clone B45 94 
(EU234177) 
4 y-Proteobacteria Thermomonas brevis strain S47 98 
(Proteobacteria) (AB355702) 
5 Chloroflexi Uncultured Chloroflexi bacterium 97 
(Chloroflexi) clone A89 (EF029435) 
6 Actinobacteria Candidatus Microthrix parvicel/a 99 
(Actinobacteria) strain EU20 (DQ147287) 
7 Spirochaetes Sphaerochaeta sp. TQl (DQ833400) 96 
(Spirochaetes) 
8 NA Uncultured bacterium clone 92 
TSSUR002 M I 0 (AB488249) 
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Appendix V 
The complete data set of carbohydrate consumption and effluent pH of four replicate 
sucrose-fed MFCs 
The complete data set of carbohydrate concentration of influent and effluent and the 
effluent pH of four replicate MFCs a, b, c and d over time are presented in Figure 5. 
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Figure 5. Time course plots of (A) total carbohydrate concentration of infl.uent (~lled symbols) and 
effluent (open symbols) ofMFCs a (.), b (_), c (.) and d (e) (measured In duplIcate); (B) effluent 
pH. 
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